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1 Overview That this discovery originated in the space
geodetic community was a natural
consequence of the intensivéoef over many

The Global Positioning System (GPS), a nowyears, under the sponsorship of NASA
fully operational 26-satellite constellation, Crustal Dynamics Project, to develop the
represents one of those rare technologicidechnologies for applyingéry Long Baseline
developments which suddenly opens up whollnterferometry (VLBI) and Satellite Laser
new opportunities for scientific advance, withRanging (SLR) to the direct measurement of

broad influence on commerce and society the relative velocities of the Earsh'great
large. It was put in place by the U.S.tectonic plates on a global scale. Thus, the

Department of Defense primarily to provideoriginal geoscientific_ applications of GPS had
accurate geographic position location an(the same focus, but it was soon realized that the

navigation for a wide variety of military potential applications extend far beyond plate

purposes, through distance ranging to th'teCtonICS'
satellites. In designing the system, DoD
adopted an enlightened dual-use pglicy
providing for civilian use of the system for

positioning at a limited level of accuracy (abouiaCrOSS the geosciences—Earth science,
atmospheric science, oceanogr olar
100 meters), but one adequate for man P graphy

o science, and geospace physics—and a strong
applications. new sense of interdisciplinary community has
developed. Much of the feft of the past
The tremendous boom in civilian use of GPS irdecade has been focused on eliminating
recent years for a multitude of purposes—shijsources of error that limit accuragnd with
and private boat navigation, vehicle fleetsuch an intensity that the accuracy goals which
location, emegency vehicle location, aircraft Seemed only a distant possibility just a few
and spacecraft guidance, and commerci@years ago have already been exceededlakt/
surveying, to name a few—reveals the dual-uslUst now in a period in WhICh mvestlgat.lon.s in
policy to have been remarkably foresightful. adl areas of the geosciences are beginning to
large and rapidly growing commercial industrybear frwf[, and are proving SU(.:CGSSM beyond
has come into existence because of GPS, boexpectatlp ns. Scientific outputis on an upwqrd
within the U.S. and abroadeYthe designers of %g;iﬂg:ﬁgrﬁar?éiljrg}ce rag:]d dlmgro(;/g(r:ﬂﬁgt I?n
the system could hardly have foreseen thhardware costs (Figure 31/)_
scientific bonanza of GPS applications tha
came about through the discovery that by
carefully measuring the phase of the radic
signals from the GPS satellites, as well as thparallel and be closely connected with a
ranges to them, it is possible in principle 0y jiteration in  commercial and  civil
ordersof iagnadebetr tha o systom b omsone: 1 Ientof i report (0 gue
deSigned farThat iS, USing radio transmiSSionSappncations of GPS of recent years and an
received from satellites 20,000 kilometers up, iindication of things to come. What is already
is now possible to determine relative positionsclear is that there will be a continuum of diverse
at or above the Earth'surface to better than 1 scientific  applications of GPS from
centimeter fundamental investigations into how the Earth

Realization of the scientific potential of GPS

The decade to come promises a proliferation of
scientific applications of GPS which will



160+ UNAVCO GPS Receiver community and the civil and commercial
5120; Purchase or Upgrade sectors already_form an interdependent and
> mutually supporting network.
5 ]
3 804 . -
= ] Below are given some highlights of recent
Eg 404 developments in the application of GPS to
] geoscientific research, followed by a look to the
o4 future, recognizing that the whole field is
102 . developing with breathtaking speed, and that
GPS Surveying much of what is today could not have been
” _ Horizontal Accuracy foreseen onlv a f
5 y a few years ago.
[}
£ 10*1
T | 1.1 Stateof the Art
15_?8; —— " 111 Complex Deformation in Plate
| GPS Surveying Boundary Zones
0 407 Vertical Precision
% 304 In contrast with predecessor technologies, GPS
£ 20- receivers are highly mobile and relatively
= ] cheap. This means in principle that gar
10 numbers of them can be deployed anywhere on
0. Earth that benchmarks can be emplaced. Thus,
15585 ‘ 19‘87 ‘ 19‘89 ‘ 19‘91 ‘ 19‘93 the deformation patterns of active regions of

the Earths surface can be observed to the detail

required to adequately describe them. Then
Figure 1. Tends in eceiver cost, horizont dynamic models can be built around these
accuracy and vertical pecision for GPS sc  observations, through which we can infer the
entific applications (\afe). real physical processes within the Earth and
what causes them. This will be especially
. L o ..._important in the boundary zones where tectonic
yvorks .to highly appllgd Investigations W'th, plates interact, for example that between the
immediate focus on diverse matters of publitpcific and North American plates in California
safety such as earthquake hazard, movement ((Figure 2), which, far from being knife-sharp,
landslides, climate change, sea level risegre broad deforming regions with complex
coastal erosion, volcanic eruptions, lancnetworks of active faults and intervening
subsidence, and the integrity of dams and oth¢blocks which interact and evolve with time.
man-made structures. But the distinctior
between basic and applied science in the GF1 1 2 Capturing Earthquakes
realm is not meaningful, and across the boar
GPS will play an important part inganized The  Unjversity Navstar  Consortium
national and international programs such as th(UNAVCO) now provides equipment and tech-
Earthquake Hazard Reduction Program and thnjcal and logistical support for scores of GPS
International Decade of Natural Hazardfield projects worldwide (Figure 3), and most
Reduction. In this arena, the scientificof these involve investigations of the tectonics
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Figure 2. Observed velocity vectors and ¢
confidence ellipses for the combined GPS
VLBI data in southern California (Feigl et ¢
1993). ¥locities ae refeenced to the Paci
Plate.

of plate boundary zones. For agamumber of

these regions, repeated GPS surveys of ge[—

detic networks spanning active fault zones hav
made it possible to “capture” earthquakes—
that is, determine the deformation field over ¢

wide area surrounding the locus of fault slip-{

page. Rapid deployment of GPS receiver;
following the several lge earthquakes of

recent years in California have measured th|

post-seismic deformations, which decay ove
long time periods. Such measurements compl
ment information from  seismographs
concerning the depth, orientation, and amour
of fault slippage.

In tandem, geodesy and seismology are tellin

Figure 3. Locations of UNWCO-supported
GPS surveying pjects.

combined analysis of GPS and seismology
data, to be the result of a previously unknown
“blind” thrust fault at depth in the Los Angeles
Basin (Figure 4). But the regional pattern of
deformation of which that fault was a part, not
directly related to the San Andreas system, had
already started to engg from repeated GPS

118 40 118 30

50 MM m—

us much about the mechanics of earthquak
generating fault motions and thedar tectonic
framework which produces the stresses whic
cause them. The magnitude 6.6 Northridge
earthquake of 1994, which devastatedydar
sections of Los Angeles, was determined, b

Figure 4. Northridge GPS displacements
modeling of slip zone at depthoin surfac
deformation (Hudnut and Murrayanuary 2
1994).



surveys of the Los Angeles andnfura Basins The 15-station Permanent GPS Geodetic Array

just in recent years (Figure 5). (PGGA) (Figure 6), a recently established

network of continuously recording GPS
1.1.3 Continuously Operating GPS receivers in southern California, operated by
Networks the Scripps Institution of Oceanography

captured the Northridge earthquake, as it has
other recent earthquakes, such as the

Within plate boundary zones, the relativey gnitude 7.4 Landers earthquake of 1992
movement of the adjoining plates causes Stre’(Figure 7). The virtues of having fixed

to accumulate, which is relieved by slip onjngments  which  continuously ~ monitor
faults by elastic s.traln. For an extenc}ed Perionatworks of baselines in order to observe
therea_fte,ranelastlc deformatlon con_tlnues _at €patterns of movement of the Earth aftarring,

decaying _rat_e, as stresses again build, u_ntll Sligng (perhaps in the future) before an
recurs; this is the earthquake cycle. As is onlg,pqake is evident. A similar network is

operational in Japan, and these networks are

too well known, such fault slip usually is
associated with earthquakes. Analysis of thygrar nners of much more extensive networks
in the future.

time and space variation in deformation during
and after fault movements using GPS, as we
as traditional geodetic tools, tells us muct o
about the rheology of the crust and underlyinl-1.4 Volcano Monitoring

mantle and the tectonic processes at work, ar

may shed light on the frequency and amount cThe success of detailed earthquake monitoring
future fault slip. in predicting the recent eruptions of Mt.
Pinatubo in the Philippines and Mt. Redoubt in
Alaska saved thousands of lives and points out
the use of geophysical tools to forecast eminent
eruptions. As in earthquake research, the GPS
receiver has become complementary to the
seismograph for scientific investigations of
active volcanos, while at the same time

aaaaaaaa

Figure 5. Relative velocities of sites in then
tura Basin egion, California (Donnellan
al.,, 1993). The eor ellipses epresent 95¢ Figure 6. Permanent GPS geodetic ai
confidence. (PGGA), southern California (Bock).




ice sheets during the last glaciation are still
slowly rebounding at rates measurable by GPS.
From rates of post-glacial rebound, inferences
can be made about the rheological properties of
the Earths mantle. Such information is of
crucial importance to modeling the slow
convective circulation of the mantle, which
ultimately drives plate tectonics.

Previous studies were limited to estimating
vertical rates from inferred ancient shorelines;
GPS, on the other hand, can directly measure
both vertical and horizontal motions anywhere
a benchmark can be emplaced. The horizontal
rate is much more sensitive to the vertical
variation of mantle viscoelastic properties and
to the ice loading history than the vertical rate.
GPS measurements should make it possible to
distinguish between competing models of
mantle rheology within a decade.

Figure 7. Observed versusmodeled displace-
ments from the PGGA tracking network for the
Landers earthquake (Bock et al., 1993). The
contours show displacement magnitude in mil-
limeters for the elastic dislocation model.

The problem is complicated for glaciated areas
near plate boundaries, where multiple deforma-
tions may superimpose; in coastal areas, both
effects need to be distinguished from real
o , eustatic sea level rise. This requires well-
providing an important new tool for volcano gigriputed, high-accuracy GPS measurements
hazard assessment and eruption warning.  combined with geologic observations and
mockls. The Pacific Northwest is a good exam-
In recent years, GPS networks have beeple of where this is important: inferences may
established in numerous areas of activipe possible about whether the region is in dan-
volcanism—for example Hawaii, Alaska, ger of a great earthquake, provided the tectonic
Yellowstone, Iceland, New Zealand, andsignal due to subduction of the Juan de Fuca
ltaly—and as noted in this report are alread\pjate beneath North America can be distin-

providing scientific insight into complex guished from that due to post-glacial rebound
volcanic processes. GPS can give threeand real changes in sea level.

dimensional views of the movement of volcanc
surchgs in response_to seismic or aselsml_ll6 Global Climate Change
activity; this has provided a new means foi

inferring the volume and movement of magme . , :
at depth. A plausible result of anthropogenic warming of

the atmosphere through addition of greenhouse
. gasses would be melting of the Easthte
1.1.5 Post-Glacial Rebound sheets and mountain glaciers. This would lead
to a rise in sea level which could have very
Large parts of the Earth’'surface which were serious consequences for low-lying coastal
depressed under the weight of huge continentpopulation centers in terms of inundation,



coastal erosion, and salt encroachment iaverage transmission velocity due to warming
aquifers. On the other hand, it is also plausiblof the ocean.

that atmospheric warming could lead to

increases in precipitation which could cause €1 1.7 Ocean Circulation

least some ice masses to grow o

. . GPS is providing unprecedented orbit accuracy
Although some mountain glaciers do seem g, he TOPEX/Poseidon spacecraft, which is
be shrinking, at present it is not at_a”_dea'measuring ocean topography in conjunction
whether the polar ice caps are shrinking Oyith the World Ocean Circulation Experiment

growing. The problem is lack of data. There iS(WOCE). Ocean topography is the basis for
inferring laige-scale circulation of ocean cur-

some consensus, based on tide gauge data, t
sea level has risen on the average of about o Improved orbits lead to improved

mm/year over the last several decades, biyetermination of ocean circulation on all scales

measurement of sea level change g, poth time variable and time average
exceedingly diicult due to the SUPerposition ,qinns. which in turn leads to improvement in

of inngme_rable décts. GPS is bging_ applied 0 cimate  models. Small geographically
the climatic temperature question in a NUMbEyajated orbit errors make possible the deter-
of new ways which are likely to produce Somémination of absolute geostrophic circulation
rapid advances. (net flow through the full water column), which
cannot be determined globally otherwise. GPS
The topographic profile of mountain glaciersis providing a reference frame for acoustic
are being measured remotely from aircrafDoppler current profilers, which measure the
positioned by GPS with a view toward current profiles in the upper few hundred
detecting temporal changes. The same is beirmeters of the ocean from ships by providing
applied to the Antarctic ice sheets and rapidhaccurate ship speed and heading. By a quite dif-
moving ice streams, along with directferent approach, deep ocean current velocities
measurements of the ice surface using GP:are being measured by use of GPS receivers on
These observations will complementa surface ship and buowhile tracking via
developing techniques for measuring changesonar a probe drifting in a deep current.
in ice topography from spacecratft.

1.1.8 Atmospheric Sensing
Tide gauge sites have begun to be tied to GF

networks; ultimatelytying a global network of \yater vapor plays a crucial role in atmospheric
tide gauges to a common GPS-based referen, o.asses acting over a wide range of temporal
frame will greatly facilitate the determination 4 spacial scales. Knowledge of the
of absolute sea level changes. variability of water vapor is central to
understanding weather phenomena and, over
Warming of the oceans will accompanythe long term, climate. ¥er vapor variations
warming of the atmosphere. An experiment hacause changes in velogiignd thus refraction,
been carried out to measure the time oof the GPS signals passing through the
transmission of acoustic waves through thatmosphere. It was thought early on that errors
surface layers of the ocean along very lonin GPS positioning due to water vapor could
oceanic paths. Accurate distancewell limit the ultimate utility of GPS for
measurements were achieved with GPSscientific uses. But quite the opposite occurred:
Repeat measurements will look for changes imethods were developed, not only to correct



for path delays, but to turn the problem aroun(LEO satellite. The single receiver should be
and use the delays as a tool to remotely senable to record more than 500 occultations per
variations in atmospheric water vapor day with nearly global coverage.

GPS-based meteorology has thus become i1 1 10 Probing the | onosphere
extremely valuable new tool for the

atmospheric sciences. The method relies on tt
use of networks of continuously operating GP<
receivers simultaneously observing multiple
GPS satellites. Recently developed water vapc

radiometers which are highly accurate ant.orrect for this dect, and in the process

portable can be used as a companion tool to fdetermine the degree of ionization of the

biases in small-aperture arrays. The method hiionos here alona the path of the radio sianals
been shown to be highly successful in test P g P 9 :

. . . Precise dual frequency measurements by
involving placement of GPS receivers at the : .
NOAA Wind Profiler sites in the U.S. ground and space-based receivers will probe

) . the ionosphere along many paths.
midcontinent.
Measurement of total electron content along
these paths will be assembled into high-
1.1.9 Space-Based GPS Meteorology resolution 3-D electron distribution maps by
computerized tomography to study irregular
This approach takes the well-known radicand transient mesoscale structures, such as
occultation methodologies for studying equatorial bubbles and the mid-latitude trough.
planetary atmospheres and applies it to thStudy of the ionosphere with GPS signals will
Earth. Observations of signal delays alondead to a better understanding of
successive paths to rising or setting GP{communication problems associated with
satellites, as observed by a small satellite iionospheric disturbances.
low-Earth orbit (LEO), can be inverted to a
vertical profile of refractivity through the
atmosphere. Refractivity is a function of1.2 The Future
temperature and water vapor

This ionized part of the Earth’atmosphere
affects the GPS signals dispersively—that is,
the delay experienced by a signal is a function
of its frequencyDual frequency receivers can

_ o _ Based on the experience of the last several
Thus, in principle, if the temperature years it is quite likely that many new
distribution is known or can be modeled, theapplications of GPS in all areas of the

vertical distribution of water vapor can begegsciences will emge over the next several

high degree of vertical resolution, but low Giner hand, we can identify certain things
resolution horizontallyBecause ground-basedyhich  if adequately nurtured, have a

GPS meteorology involves high resolutionreasonable expectation of reaching fruition
laterally  but low resolution verticallythe \yithin the next 5-10 years.

methods are highly complementasy similar
statement can be made about space-based G .
meteorology in comparison with the imagingl'z'l Permanently Operating

radiometers used in the familiar NOAA Networks

weather satellites. A demonstration experimer

is under way to collect occultation data from éPermanently operating GPS networks are
GPS receiver accompanying a commercialikely to proliferate in the future in earthquake-



prone regions with the continuing decline inAt the same time, the DGPS capability would
receiver costs, expansion of data storage arbe available to a wider community of users,
networking capabilityand increasing numbers such as transportation companies, &eecy

of people trained in GPS technolpgyoth services, commercial surveyors, and schools. It
within the U.S. and abroad. Such networks willcould be used by the space physics community
complement seismic networks alreadyto study ionospheric f&cts which have a major
established in many such regions. Because impact on commercial and government
the same factors, regional GPS networks icommunications systems. Such a system would
many areas of the world will be outfitted with be a case of technology transfer of genuinely
permanent receivers, which will havehigh value on a lge scale.

significant logistical advantages over the

current mode involving massive shipments1.2.3 Global Change Research

from the U.S. or Europe and the necessity ¢

coordinating lage, complex field campaigns. Continuing reduction in errors in orbits of
Such networks will provide frameworks for satellites measuring ocean topography through
local scientific or civil surveys. Along the sameGPS tracking will lead to much better
lines, there is likely to be a strong movement tdetermination of ocean circulation. This could
establish  continuously ~monitoring  GPSjead to the computation of flux digences of
networks on active volcanoes worldwide. heat to and from the atmosphere from the ocean
at a level of accuracy required to infer directly
1.2.2 Multipurpose National Network a greenhouse warming.

A network of continuously operating GPS

Several government agencies intend tStations at coastal tide gauges, tied to a global
establish GPS networks within the U.S. for eference frame, will allow much better
efforts toward the establishment of a denser€@djustments and shifts in the Easteénter of
high-quality national GPS network which Mass due to redistributions of water between
could serve many purposes—scientific, civil [N€ ice caps and the oceans. A network of GPS
and commercial—while providing significant Stations will - be — established around the
cost leveraging for all parties concerned. oAntarctic to monitor elastic crustal strains due
central importance is the deployment of high-to ice addition or subtraction from its ice caps.
quality GPS receivers which would satisfy all

requirements. Extensive GPS networks established on ice

caps and glaciers will be used to monitor ice

flow, in an efort to determine long-term
Such a network would simultaneously serve thlpatterns of accumulation or wastage.

FAA’s program for instrumenting airports;

NOAA's programs in meteorologgea level, An oceanographic experiment to look for
and geodetic networks; the DOE ARMsecular trends in long range acoustic travel
program in water vapor climatology; the Coastimes between fixed sites positioned by GPS
Guards program to provide ddrential GPS will be complemented by similar experiments
(DGPS) service in coastal areas; and NSF arinvolving drifting buoys, also positioned by
NASA programs in active tectonics andGPS. Such experiments should be able to detect
satellite tracking. a greenhouse warming signal within a decade.



There is much potential for using DGPS ancRobin Bell, Lamont-Doherty Earth
kinematic surveying to map coastal zones ilObservatory
detail suficient to study erosion rates, stormmMichael Bevis University of Hawaii

damage, and ecosystem modification. Roger Bilham, University of Colorado

Yehuda Bock Scripps Institution of
1.2.4 Space-Based Meteorology Oceanography

George Born University of Colorado

Following demonstration phases for using GP{George Davis University of Arizona
occultation measurements from LEO satellite'roy Dokka, Louisiana State University
to determine vertical refractivity profiles in the
atmosphere, a significant opportunity exists fo
expanding the &brt significantly

Michael Exner, University Corporation for
Atmospheric Research

Thomas Herring, Massachusetts I nstitute of
Technology

If provision could be made for outfitting the Michael Jackson University of Colorado

hundreds of LEO communications satellites
planned for the next decade with suitable GPMyr on McCallum, UNAVCO

receivers, occultation measurements could bMar cia McNutt, Massachusetts | nstitute of
made with a density adequate for providincTechnology

valuable input to daily meteorological forecastwilliam Melbourne, Jet Propulsion
models on the mesoscale globalyrtherover Laboratory

the longer term such measurements wilcharles Meertens UNAVCO and University
provide important input to climate models.  of Utah

Richard O’Connell, Harvard University

Simulations suggest that changes in thiygnn Orcutt Scripps I nstitution of
temperature profile of the atmosphere due tOceanograpHy

greenhouse warming should be detectable in

matter of years (Figure 8). The. pOtentialTechnol ogy

benefits of such a program, resulting from ¢ =

partnership of the academic, government, anChristian Rocken, UNAVCO

commercial sectors, clearly are great. Leigh Royden Massachusetts Institute of
Technology

] ] John Rundle, University of Colorado
2 Contributorsto ThisReport  robert Schutz University of Texas

David Simpson Incorporated Research

UNAVCO convened a two-day workshop in!nstitutions for Seismology

September 1993, at which the participants Robert Smith, University of Utah
crafted the framework for this report. Otherywayne Thatcher U.S Geological Survey
individuals subsequently contributed SUbStanRandolph Ware. UNAVCO

tively to the report. The work of all the ’

contributors, who are named belois very

Robert Reilinger, Massachusetts | nstitute of

much appreciated. 3 UNAVCO
John Beavan Lamont-Doherty Earth The  University  Navstar  Consortium
Observatory (UNAVCO) provides information and
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Figure 8. Phase delay versusaltitude in the tropics for a model atmosphere, for current and dou-
bled CO, (Yuan et al., 1993).

scientific infrastructure to investigators makingbased investigators in the geosciences, and to
use of the GPS satellites for Earth science arpursue a research program that complements
related research. University investigatorsand enhancesthe programs of universities. The
assisted by UNXCO are conducting research aimof UNAVCO isto extend the capabilities of
that is important to the nation and its citizensthe university community, nationally and inter-
Topics include earthquake, volcano, sea levenationally, to better understand the behavior of
polar ice dynamic, weather forecasting, globathe Earth and the global environment; and to
climate, and natural resource exploratiorfoster thetransfer of knowledge and technology
research. for the betterment of life on Earth.

UNAVCO's charter defined by its Steering In pursuit of this chartetUNAVCO plans to
Committee, follows: continue its primary role in supporting research
conducted by NSF-supported Earth science
UNAVCO is a national program, governed by  investigators. During the past 10 years,
universitiesand funded by NSF to provide GPS  remarkable progress in the understanding of
equipment and technical support to university-  important Earth science problems has been
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achieved by this communijtyith assistance and other fields of research have mushroomed.
from the UNA/CO facility. The facility Atmospheric scientists have learned to use the
provides investigators with a standardized GP.GPS signals to probe the atmosphere through
equipment pool, assistance in planning anwhich the signals pass, opening vast potential
execution of high-accuracy GPS surveyincfor understanding and forecasting weatloér
projects, technical support, data analysis, anmatic trends, and ionospheric fluctuations. GPS
data archiving. can accurately track or navigate any sort of
instrumented platform: ship or byogirplane,

During the past decade, regional GPS geode:Snowmobile, or spacecraft. Thus, GPS has
campaigns of growing size were conducted tePened up a huge variety of scientific applica-

establish epoch and re-survey measurementiOnS encompassing the whole of the

Large, coordinated projects demanded higigeosciences. This section provides a perspec-
levels of equipment and facility staésources. V€ On these applications, today and in the
New procedures, including multi-modal fUture.

occupation strategies, and rapid surveying, at

now under development. &anticipate that .
these procedures will lead todarincreases in 4.1 Deformation of the

scientific productivity and significant changes Earth’s Lithosphere
in the facility as it works with the community to

develop and support these new procedures. ) ) o
Plate tectonics has provided a unifying theory

for understanding the kinematics of global-
scale plate motions for Ige regions of the
Earth that behave in a rigid framework. A
central achievement of the Crustal Dynamics
Project was the direct measurement of rates of
plate motion on a global scale using the

In addition, the UNXCO community will

continue to encourage and support the use |
GPS technology in other geoscience areas. Tt
facility plans to provide the GPS-related
information and scientific infrastructure needec

national problems, and 1o identy and exploeCIridUes | of Bty Long _Baseine
P ' P Interferometry (VLBI) and Satellite Laser

synggi_es between the various geoscienaRanging (SLR). NowGPS has brought about a
disciplines. new era. The very rapid improvements in
position accuracy have made it possible to
. . " measure baselines on theguscale as well as
4 Scientific Opportunltles VLBI and SLR. More importantlythe high
degree of portability and relatively low cost of
From the beginning, the space geodetic comnGPS receivers means that a far greater number

munity realized that in principle it is possible to@nd density of measurements are possible, so
achieve accuracies in GPS positioning severihat active geologic processes can be observed
orders of magnitude better than that specifiedown to the local scale.

by the system design for civilian use, providec

that significant sources of error could be manThus, we are now in a position to directly
aged. As a result of intensive research by marobserve how plates deform internally within
groups, accuracies have increased rapidly arnon-rigid tectonic regimes and across regions
dramatically Applications to complexities of of rapid and complex tectonism. This
deformation in tectonic plate boundary zonesinformation is crucial to understanding the
active volcanic regions, whole-Earth dynamicsdynamics of Earth processes, including the
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distribution of displacements and finite straindemonstrably tied to temporal variations in the
parameters leading to understanding thpattern of motions. In contrast to global plate
stresses responsible for Earth processemotions, the complex history of deformation
Inferences about lateral and verticalwithin regions of plate boundary interaction
partitioning of displacements across plateand intraplate deformation is known in most
boundaries, as well as intraplate regions careas only at the crudest level of detail.
active seismicity and Quaternary tectonism, ar

needed to determine rates of tectoniiactively deforming subregions are complex
deformation and earthquake occurrencejgporatories that evolve over time and involve a
Understanding the vertical distribution of strainmyltitude of interrelated physical and chemical
and how it is partitioned between surfaceprocesses. Thus, tectonic analysis of actively
deformation and that inferred from geforming subregions requires an integrated
observations such as heat flow and earthqualapproach invo|ving the use and appreciation of
data is critical to understanding the role olgjverse data sets. It requires a comprehensive
coupling between the mantle and the loweynderstanding of the nature and distribution of
crust and to how rheology controls tectonicrock units and structures within the crust and
processes. lithosphere, an appreciation of the relationship
of the subregional tectonic framework to the
Real-time and periodic monitoring  of regional and plate tectonic framework, and

earthquake zones and regions of activiinglly an understanding of the geological
volcanism ofers new information on the long- hjstory,

and short-term rates of deformation
accompanying these  processes. Thi
information may be the key metric in accurate
prediction of earthquakes and volcanoes,

broad societal goal of the Earth science
community These problems can for the first
time be addressed by systematic GP:!
measurements, coupled with realistic three
dimensional models of these active processe
and integrated with other geological and
geodetic information.

Because it dérs the unparalleled means to
measure the subregional contemporary strain
and rates of deformation as it occurs, GPS can
play a major role in the study of contemporary
deformation. These include: (1) establishing
the recent and present-day displacement field
by tracking the changes of position of ground
points through time, (2) establishing rates of
contemporary vertical and lateral deformation,
(3) interpreting how the displacements are
partitioned with respect to slip of surface faults,
4.1.1 Plate Boundary Processes rigid-body rotation, permanent strains, and

volumetric strains, (4) interpreting the
Local and regional departures from rigid platemechanisms by which the regional deformation
behavior occur along interplate boundaries anis accomplished, (5) tracking how the
within domains of intraplate deformation. deformation accrues through time, (6) defining
Where plate boundary deformation involveshow surface deformation relates to the overall
continental lithosphere, it is commonly crustal structure, and (7) assessing regions of
distributed over complex networks of faultsseismicversus aseismic (dormant) regions of
and folds up to several thousand kilometerexpected earthquakes. Thus, the significant
wide, with zones of intense deformation aloncopportunity is to define comprehensively the
the magins of less deformed crustal fragmentsdisplacement field(s) through time, including
of dimensions from ten to hundreds ofvertical changes, tilts, translations, rotations,
kilometers. This spatial complexity is and wholesale strains.
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Ultimately the “paths” of displacements, 4. How do strain measurements from geodetic obser-

viewed collectivelywill permit investigators to vations compare with long-term geologic estimates

disti ish del h / of deformation? How much plate boundary slip

.IStInQUIS. among ) models o lcrUSta occurs aseismically? How much deformation is not

lithospheric deformation. Understanding plate  accommodated by slip on faults? How do geodeti-

boundary deformation is particularly important ~ cally determined rates compare to rates of

because these zones host most of the veorld deformation deduced from summation of moments
. of contemporary seismicity?

catastrophic earthquakes and volcanoe poraty Y

(Alpine/Himalayan and  Pacific  Rim). o

understood, are the only locations that caduestions is obvious. HoweyeiGPS can

provide us with information on crust-mantle Provide only a snapshot of 2-D motions at the

interaction and also provide some of the becEarths surface. Our ultimate goal is to
insights into lithospheric rheology understand how the current deformation at the

Earths surface is the expression of 3-D

Problems in plate boundary deformation needynamic systems that operate over time scales

to be addressed simultaneously at severfPerhaps tens of millions of years.

different levels. First, one needs to map thi
active strain field within the global plate Thus the greatest long-term challenge in
boundary system, by use of measurements (studies of regional plate boundary deformation
baselines of perhaps 100 km. Second, oris the successful mging of precise geodetic
needs to understand how strain is partitioned, idata with other geophysical data and careful
space and time, along zones of high strain thigeologic mapping to provide the most complete
separate less deformed crustal blocks withiidescription of how these complex deformation
plate boundaries, and how these high straisystems reflect motions occurring at depth
zones are expressed geologicallhe latter within the lower crust and mantle, and how
need not, and probably should not, be carriethey have evolved through time.

out on a global scale, but may be undertaken i
selected regions that are logistically accessibl
and geologically well expressed. Some
examples of outstanding problems in each c
these areas might be as follows:

Ultimately, we must seek to understand the
dynamic processes that drive surface
deformation within zones of plate boundary
deformation. Thus GPS will provide a more
1. Where are the regions undeing rapid rates of complete foundation to address even more

lithospheric strain adjacent to and within the rela-fundamental questions such as:
tively rigid plates? What is the width of these zones
of distributed deformation, and how is deformationl

partitioned within them? What are the driving mechanisms for deformation

within a plate boundarysuch as boundary condi-
tions imposed by the relative velocities of adjacent
plates, potential engy from excess topography and
subsurface loads, contributions from local dynamic
systems within a plate boundary (e.g. localized sub-
duction boundaries, back-arc systems), and
influence of processes in the asthenosphere?

2. How is slip partitioned between multiple faults
within a plate boundary? How do fault zones
develop and evolve through time? How are fault
zones localized within the crust (for example by pre-
existing crustal structures)? What conditions lead tc
the abandonment of existing fault systems and th
development of new ones?

2. How are motions in the upper crust coupled to

3. How is the deformation observed in the upper layer«  motions in the uppermost mantle? Over what time-
of the Earth expressed at deeper levels in flow of th scale and length-scale are these motions coupled?
lower crust and upper mantle? How are vertical axis How does this reflect the rheology of the
rotations accommodated at depth? lithosphere?
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Examples of tectonic processes are discussé.1.1.2 The Pacific-North American
below Transform Boundary

The plate tectonics paradigm has provided
Earth scientists with the conceptual framework
. . with which to understand the kinematic history
At present, techniques for measuring flowsf and strain rates along plate boundaries such
within the mantle of a regional scale are nogzg the Pacific-North American transform.
available, but recent work that combines|nstead of a single break, the transform is
crustal kinematics, gravity data, velocity seyeral hundred kilometers wide and composed
structure, and theoretical models for fluidof hundreds of fault-bounded slivers that have
convection show promise for the future. Thetransiated, rotated, and deformed over time.
implications for our understanding of mantlepjate circuit reconstructions provide a
dynamics are enormous, as can be illustrated kquantitative upper limit on integrated, long-
considering some basic questions about thterm shear across this broad transform zone,
deformation history of ibet (Figure 9). but provide no details on where and how shear
is partitioned across this complex boundary

A number of studies suggest that deformatiof0r example, in southern California the
within Tibet involves movement of crustal boundary consists of the San Andreas fault
fragments, with dimensions of tens to hundredsystem and the newly recognized eastern
of kilometers, in directions oblique or evenCalifornia shear zone (ECSZ) (Figure 10).
orthogonal to the overall direction of

convegence between India and Asia. DateComparison of the integrated net slip along the

from northeasternifet show that, on a length ECSZ with motion values across the entire
scale of tens of kilometers, major deformatiortransform boundary indicate that between 9%

has switched from one system of faults tcand 23% of the total relative plate motion has
another and from one type of deformation tcoccurred and continues to occur along the
another over time intervals of less than ¢ECSZ since its inception in late Miocene time.
million years. If mantle flow beneatlibet can In this setting, GPS tdrs the unparalleled
be linked spatially to the active movements oopportunity to track the lateral motions of the
sizable crustal fragments, then the spatiemyriad of fault-bounded blocks that comprise
variability of mantle flow must correspond tothe plate boundaryrhis powerful tool can also
the motions of individual crustal fragmentsbe used to examine the build-up of strain prior
(which can be measured using Spaceto and foIIowing major earthquakes, thus
positioning techniques), whereas the temporéroviding critical data relating to the formation
variability of mantle flow must occur over the Of earthquakes.

same time scale as changes in the direction al

rate of movements within the crust (which car4.1.1.3 Complexity of Continental

be dated using traditional geologicalConvergence in the Eastern Mediterranean
techniqgues and remote sensing data

Alternatively, if mantle flow can be shown to be The Mediterranean region is one of the best
related to crustal motion only at the scale of thdocumented examples of the spatial
entire plate boundarghen one might suspect complexity found in zones of plate boundary
that the temporal variability of flow in the deformation (Figure 1). At the lagest scale
mantle corresponds to that of the entire platthis region comprises a zone of continental
boundary zone. convegence and collision between the slowly

4.1.1.1 Mantle Dynamics andifet
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Figure 9. Schematic map of Cenozoic tectonics in eastern Asia (from Tapponnier et al., 1982).
Heavy lines are major faults, thin lines are less important faults. Open bar bs indicate subduction,
solid barbsindicate intra-continental thrust faults.
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Figure 10. The Pacific-North American tra
form boundary in the western U.S., highli
ing the location of the eastern California sh
zone (modified &m Dokka and favis, 1990).

moving European and African continents. At
every smaller scale, tectonic systems within
this broad region exhibit convergent, divergent

and strike-dlip motions in a large number of
different directions.

It is not uncommon for very different types of
crustak motion and deformation to exist
adjacent to one another, such as occurs in the
Aegean-Hellenic subduction system in the
Eastern Mediterranean where an area of active
back-arc extension beneath the Aegean Sea
exists adjacent to a zone of shortening and
convergence along the Hellenic trench.
Geological constraints on the timing and
magnitude of extension and thrusting show that
there is a close connection between thrusting
and extension in space and time, but the
detailed kinematic and dynamic relationships
between thrusting, extension, and subduction
remains poorly understood phenomena.

ATLANTIC
OCEAN

500 KM

Figure 11. Late Cenozoic examples of thrust belts associated with coeval lwaektansional
systems in the Mediterraneaegion (flom Royden, 1988).
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In the complex zone of interaction between t
Eurasian, Arabian, and African plates, there M ;
continent-continent collision in easterarkey ' 4 |t
and subduction of the leading edge of tl : K
African plate beneath Eurasia along ti
Hellenic and possibly the Cyprus arcs. GF
observations indicate that western, central, &
east-central Urkey is de-coupled from the
Eurasian plate and is moving as a more or |
coherent unit about an Euler pole located no |
of the Sinai peninsula (Figure 12). Other spac

based measurements of crustal motion

Greece and along the Hellenic arc suggest tnrigure 12. @locities for GPS and SLR sites
th|S COherent m0t|0n inC|UdeS SOUthem GreeCa Europe_ﬁxed efeence frame’ and their o5y

5 ARABIAN PLATE

Mediterranean Sea

J 20 mm/yr

— )

and the south-central Aegean Sea. confidence ellipses (Oral, 1994). Note tl
abrupt dop in the magnitude of velocities fc

4.1.1.4 Southeast Asia and Indonesia sites north of the North Anatolian Fault an

Tectonics the change in orientation in northeasterarT
key

In southeast Asia, four major tectonic plates
(Australia, Eurasia, Pacific, and Philippine Sea
interact with each other mostly along )
subduction zones (Figure 13). Their presentSPatial and temporal scales, from plate
day kinematics is derived from inversion ofkinematics to intracontinental deformation

earthquake slip vectors along their boundarie(Central — Asia), ~plate  boundary  zone
as well as transform fault azimuths and oceadeformation (Indonesian arc), and co-seismic
floor magnetic anomalies. ithin the kinematic deformation.
frame defined by these four major plates,
broad zone of active crustal deformation coverIn particular the Indonesian archipelago has
central and southeast Asia. It extends from thmany active tectonic processes that result in
Baikal rift in the north to the Indonesian phenomena such as mountain building,
subduction arc in the south where most of thcontinental accretion, destruction of continents,
stress induced by plate motions is released. emplacement of ophiolites, development of
subduction zones, arc polarity reversal, and
The present-day deformation pattern inPasin closure. Sumatra has been cited as a

southeast Asia combines théeets of the Java, classic example of oblique plate coryenmce.
Sumatra, Mariana, and Philippines

subductions, as well as thdegdts of the India- Eastern Indonesia is a region of broad
Eurasia (Himalayadibet), Australia-Asia deformation where the continental mias of
(Banda arc), and Australia-Pacific (NewAustralia and Southeast Asia and the oceanic
Guinea) collisions. It has been imaged byplates of the Pacific and Philippine Sea are
geological and seismological studies but ncoming together at rates of 80 thOlmm/yr
direct measurements of the velocity field ovePlate tectonic concepts do not explain the
the whole area has been proposed s&386 is  evolution of Indonesia because deformation is
the only existing tool that tdrs the opportunity not confined to the edges of well-defined, rigid
to directly measure a regional velocity field forplates. Eastern Indonesia is at the stage of

southeast Asia. This result is a critical basis for
testing current geophysical models afetiént
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Figure 13. Plate boundaries, seismicity, and relative vel ocities determined by GPSfor the Indone-
sian arc and adjacent regions (Calais, 1994).

assembly of crustal elements, both continentaepresented by a continuum, and the surface
and oceanic, that will eventually form afaulting has little to do with plate dynamics
complex mountain belt. The strain field withinexcept in an average sense. An important
such deforming regions is a first-ordergeological consequence of this view is that the
observation that can constrain ideas about thjuxtaposition of rock types in mountain belts
behavior of the crust and upper mantle irmay be as much a consequence of small local
mountain building. mechanical and geometric irregularities as it is
a consequence of plate motions.

Of particular interest is whether the brittle,

shallow portion of the lithosphere, which is4-.1.1.5 ThelInterior Western U.S. and the
broken into fault-bounded blocks and produce Transition to the Stable Plate I nterior

most of the directly observable fefts of

tectonics, ders significant resistance to plateMuch interest has been focused on the
motions, or if it merely responds to horizontalmechanism and mode of Late Cenozoic
shear stresses from a strong, ductile uppdithospheric extension of the western U.S.
mantle. If the latter case holds, then thgédar Cordillera encompassing the Basin and Range
scale deformation of the lithosphere can bprovince, the world lagest region of
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intraplate continental extension (Figure 14). sy 1993-1992

Tectonic process of the Basin-Range ari, oy horizontal displacement
generally thought to be locally driven,
including crust-mantle coupled volcanism;
“soft” shear coupling between the stable
interior, the San Andreas transform fault, anc
the Cascadia subduction zone; localizec
topographic load-induced stresses; ani
coupling of quasi-plastic flow in the lower crust
with surface deformation. Active tectonism of |/ . |
the Basin-Range is directly manifest by
extensive earthquakes and glar Quaternary

fault scarps which occur primarily along its
maigins. Historically eight laye earthquakes,

dominated by normal- to oblique-slip, reflect]
ongoing tectonism that is measurable witr
GPS.

Measurements of contemporary tectonism i
the Basin-Range are limited to a few VLBI/
SLR ~1000 km baselines which reveal ~1.(
cml/yr of east-west extension. These rates agrt
remarkably well with displacement rates PRINGIPAL STR/I\IN RATE
deduced from summations of seismic moment 137 +- 34 nanostrain/yr (~ 9 mm/yr extension)
of historic earthquakes of ~1 cm/yr as well as
rates deduced from models of intraplate
deformation tied to a fixed mantle framework,
and suggest that the brittle mode of
deformation  accompanying  earthquake:
accounts for ongoing tectonism. Howe\igtle

is known of how deformation is distributed ,
across this wide region of extension or of theJt@h, which revealed 5 to 9 mm/yr northeast
mechanisms responsible for this unusual styl€Xtension. This rate notably exceeds the
of intraplate deformation.

Figure 14. Horizontal strain and displacement
from 1993 to 1992 GPS surveys on the central
Wasatch fault (Smith, 1994). Error ellipse cor-
responds to one standard error.

inferred long term ~1 mm/yr rate deduced from
Holocene slip determined from paleoseismic

On a regional scale, VLBI measurements tropMeasurements. One interpretation of these data

a single baseline across the Basin-Range tran:> th.at the now dormantﬂyatch fau_lt s storing
tion to the Stable Plate interior compared to thnzg?['r? Sgligyv?rt]i(?rl]gr?a;aitri %rr?;ﬁtd Isr:)%ist;r:;:re]i-
stable U.S. interior give a clue to the lateral dis_ .. d ' : b

N : . fications. Howeverwithout further analyses,
tribution of intraplate strain release across th_ "~ . : )
transition between the Basin-Range and staba(.jd'tIonal GPS ot_)servatlons, anql comparison
interior of ~5 mm/yr east-west extension. ThisWIth older geodetic data these high rates can

rate is remarkably similar to the first GPS mea°t be verified.

surements against historic trilateration/

triangulation data, as well as an annual resuThese observations point out an important
vey of a GPS network across thad#tch fault, problem that can be addressed by GPS: How do
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rates of contemporary deformation comparemid-ocean ridges. The remainder of volcanic
with Holocene geologically deduced rates, an@activity is located along mantle hotspot tracks.
do deviations of these contemporary rates ind

cate short-term processes such as rapid stréCurrent geologic and geophysical volcano
accumulation preceding & earthquakes? research investigations are examining the
This question has major implications for theorigins of magma, the physical and chemical
occurrence of earthquakes on known or hiddeproperties of magmas, hydrothermal fluids and
faults. Low-angle listric and basal detachmengasses, the structure of volcanoes and volcano
faults were first observed in the Basin antplumbing, the mechanism of magma transport,
Range based upon geologic mapping and seiand the relationships of volcanoes to tectonic
mic reflection data. These observations suggeboundaries and earthquakes. GPS
an important paradox in tectonics, namely thimeasurements of crustal deformation are at the
occurrence low-angle normal faults at relaforefront of new techniques for studying these
tively shallow crustal depths, despite the lacholcanic processes. A better understanding of
of unequivocal evidence for low-angle faultingthese processes is contributing to improved
from earthquake data. This an important probyolcano hazard assessments and volcano
lem which can be addressed using an integrateeruption predictions.

approach of fault studies, earthquake monitor

ing, and high-precision GPS measurements. gyrface deformation measurementieiobnly

_ o the means of constraining the volume and
The widespread seismicjtywell-preserved geometry of subsurface crustal magma sources.
Quaternary faults, and active extension of thrrpagitionally done with  trilateration and
Basin and Range thus provide excellengygling, precision GPS surveys of ground
opportunities to evaluate rates of deformatioryotion now ofer unprecedented simultaneous
using GPS and such processes questions tnree.dimensional ~ views of  volcano
characteristic” ~ earthquakes,  space-imégeformation on scales of hundreds of meters to
clustering of earthquakes and stress couplinepg of kilometers, and can operate in remote
between the lower and upper cCrust, angegions not requiring line of sight to
topographically driven deformation. It is a gpservation points. When tied to regional GPS

active continental extensional mechanismig|ationship of the volcanic and tectonic

with GPS. framework can also be obtained. Examples of
this application are studies of rifting and
4.1.2 Volcanic Processes volcanism in Iceland, investigations of

deformation of the ¥llowstone caldera and its

Geologic and historical records show that overelationship to a lge continental hotspot, and

500 of the worlds volcanoes can be considerecextensive USGS fdrts to monitor such active
to be “active” or capable of producing anfeatures as Kilauea volcano, Hawaii, and some

eruption. The vast majority of these volcanoethreatening Alaskan and Cascades volcanoes.
are associated with subduction-zone plat

boundaries. Although constituting only aboutin general, volcano deformation can be

15% of the annual global magma productionseparated into two types: that due to roughly
subduction-zone volcanoes can be explosivequi-dimensional magma chambers and that
and have dramatic fects on human due to rifting or dike intrusion. From the study

populations. In contrast, most magma isof some basaltic shield volcanoes, notably in
generated at plate spreading centers at remcHawaii and Iceland, we know that as magma
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rises from the mantle it collects in shallowHazards from volcanic events range from local
magma chambers. As the magma chamber fillphreatic (hot water and steam) blasts and lava
the Earths surface uplifts and stretches. Thesflows to lage catastrophic ash flows and air
inflationary periods are interrupted byfalls. \blcanic eruptions also produce
eruptions or intrusions into flanking rifts, secondary flooding and landslides. The long-
which cause withdrawal of magma from theterm efects of volcanic eruptions are well
chamber and attendant subsidence arknown to efect globe-scale weather changes
contraction. resulting from ash particulates deposited in the
atmosphere. The primary goal of volcanic risk

The earliest models of the inflation-deflationfesearch, howeveis to specify the timing and
Cyc|e used point centers of dilatation (the S(locations of pOtentiaI volcanic eruptions. The
called Mogi source). The surface disp|ace.location and long-term history of volcanoes are
ments produced by a Mogi source are nearlgenerally known from geologic and historical
indistinguishable from that produced by arecords. Howeverit is difficult to determine
Spherica| magma Chamba’nd similar to that the short-term t|m|ng, Style, and volume of an
generated by other equi-dimensional models. €ruption at times scales of a few minutes to
turns out that given only vertical displacemenhours.
data it is nearly impossible to determine the
shape of the magma chambkiorizontal and The success of detailed earthquake monitoring
vertical data together provide much tighter conin predicting the recent eruptions of Mt.
straints on source models. One of the benefiPinatubo, Philippines, and Mt. Redoubt,
of GPS over traditional methods (leveling ancAlaska, saved thousands of lives and points out
trilateration) is that GPS determines all threethe use of geophysical tools to forecast eminent
components of station displacement. Much oeruptions. This class of research will benefit by
the same guments hold true of rifting. Rifting parallel eforts in deformation monitoring for
can occur episodicalljaccompanied by exten- inflation and deflation of the surface which are
sive ground cracking and swarms of shallowassociated with magma or hydrothermal fluid
earthquakes that migrate downrift at velocitiesmovements, to constrain the geometry and
of a few tens of centimeters per second. Exanvolume of magma chambers, plumbing of
ples of volcanic processes are discussed in ttconduits, dikes and sills and associated
following sections. faulting, and to assess incipient earthquake
triggering.
Interpretations of the crustal deformation dat:
obtained in volcanic studies, such as the studieRepeated GPS surveys taken over months and
presented in the following sections, are mosyears give insight into the long-term deforma-
meaningful when combined with othertion signal associated with volcanic processes.
geophysical and geologic data. For exampleHigh precision static GPS surveys can be used
seismicity patterns can be used to locate arwhere deformation rates may only be mm/year
identify potential faults related to magmaln many cases howevdhe sequence of erup-
pathways, whereas GPS measures botive activity can take only hours to days and
aseismic and seismic deformation associaterates accompanying deformation are cm/hour
with magmatic activityCombined with precise Deformation can be continuously monitored
gravity measurements, GPS and verticawith GPS receivers deployed at remote sites
motion observations can also be used tand with data transmitted to a central recording
distinguish between changes in elevation due tsite where processing can be done in near real-
tectonic strain and changes due to magma flutime kinematic diferential modes.

21



Orbit information broadcast directly from the
GPS satellites are didient for analyzing short
baselines (~10 km), but where receivers ar
separated by lge distances (>10 km), more
precise satellite orbits are required for real-timq . .
processing. The U.S. Geological Survey i
currently operating a small continuous tracking
GPS network on St. Augustine volcano in
Alaska and will install a network in Hawaii.
Monitoring is more dective where augmented
with repeated static surveys which can cove
additional sites over a lger area and which
can be used to determine spatial coherence
the deformation signal over longer time

intervals. 100 mm/yr
Observed
New techniques are being developed to mak Predicted

remote sensing measurements of deformati
using aircraft. For example, in an experiment a
the Long \alley caldera in California, repeated
aerial laser altimeter measurements are beir
made which will be used to produce an imagt
of ground motion. Kinematic GPS is used for _
precise, centimetdevel positioning of the and 4 km. .Less is known about the deeper part
aircraft. Radar interferometry can detect maof the rift system and the long-term
surface displacements at the centimeter level deformation accompanying intrusion within
horizontal accuragy but requires GPS to plate-boundary rift zones.

control the coordinates of satellite images
Slmllarly, radar mterferometry frpm SPace IS patormation and seismicity data demonstrate
likely to have much potential in observing . . . . ,
deformations associated with volcanic acti,vitythat magmatic aptmty_ and slip on K|I§uea
but likewise will require GPS calibration on thefault systems, including the subhorizontal
ground_ These remote Sensing methods n{faUltS that generated the magnitUde 7.2 1975
only have the potential to cover ¢ar and Kalapana earthquake, are couplect Yhe
possibly remote areas, but also do not requirsubsurface geometry of these faults and the
observers to be physically located on éeep structure of Kilauestift zones are poorly
potentially hazardous volcano. understood. Figure 15 shows the average
station velocities for the three-year period with
respect to a point on the northwestern side of
the island of Hawaii. Stations on the central

Geodetic and seismic data have been used .
. south flank of Kilauea moved SSE, away from
model the geometry and depth of rift zone X
the rift zones, at rates of up to 10 cm/ir

intrusions. Kilauea is a case in point. On
Kilauea, these models indicate that the dikecontrast, stations north of the rift zone, only 6
are steeply dipping bladelike structures a fevor 7 km from the rift, are not moving within
meters thick, typically at depths of between zmeasurement errors.

Figure 15. Displacements near the Kilauea rift
zone determined by GPS compared with model
displacements (Owen et al., 1994).

4.1.2.1 Kilauea
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Velocities also decrease dramatically to zercaldera superimposed upon a regional tectonic
toward the more distal ends of the east anstrain field. The principle components of the
southwest rift zones. There seems to be a zoregional strain rate tensoestimated using a
that is actively displacing seaward. Lateral gramethod of simultaneous reduction after
dients in velocity (strain-rates) are verygar excluding data for stations outside the caldera,
In fact, these strain-rates are at least an order are 1.10.2 x 10’/yr of northwest contraction
magnitude greater than those across the Siand 0.60.2 x 10’/yr of northeast extension.
Andreas fault! The rapidly displacing sectionAfter removing the regional strain components
of the south flank coincides roughly with thefrom the observed GPS field, the residuals of
source region of the 1975 earthquake, and ttrthe innercaldera sites revealed up ta£Z0mm
seismically active portion of the south flank. of horizontal displacement, directed radially
toward the center of the caldera, and up to
The steep gradients in the surface velocity fiel70+20 mm of caldera-wide subsidence. This
show intriguing relationships to structural corresponds to an average subsidence rate of 17
elements of the volcano as expressed in trmm/yr.
topography and bathymetryThe rapidly
displacing zone corresponds quite well to the
extent of the Hilina fault system. The
bathymetry dfthe south flank contains features
indicative of gravitationally driven slumping.

Forward models made with a 3-D boundary
element technique can explain the caldera
deformation with a shallow NE-elongate

- - : shaped, sill-like body beneath the caldera at
A series of topographic basingsifore of the depths of 3 km to 6 km (Figure 16) which lost

rapidly displacing south flank block must be -
geologically active, since the high sedimenY0lume atarate of 0.02 Kifyr, similar to rates

flux off Kilauea would quickly fill any independently estimated for magmatic fluid
depression. release. This deflationary model was confirmed

with a 3-D volumetric source model derived by

. . . simultaneous inversion of the horizontal and
The western extent of the rapidly displacin ) :
picly disp gthe vertical GPS displacement data. The

zone may correspond to a prominent linea. .
feature in the bathymetrpnce referred to as inverse model indicates that the dest

the Papau Seamount, now interpreted by sondega:;iin ij quir':e_shﬁll(z,jvsbetr\]/v een thefsurface_
to be the boundary of the Hilina mega-landslid@"d 3 km depth, in the depth range of extensive

system. Howeverthere is no evidence for hydrothermal fluids and possible magmatic

lateral “tear” faults at either the eastern oifflUids in Yellowstone.
western edges of the rapidly deforming zones
It is evident from the regional GPS
4.1.2.2 The Yellowstone Caldera observations that the extent of the current
Yellowstone GPS network is insafent to
A GPS survey in 1987 established a densmeasure crustal deformation associated with
network of 60 stations planned to measurthe long-wavelength signature of the
crustal deformation of the activeeNowstone Yellowstone hotspot. For example, topographic
caldera and adjacent Hebgen Lake aptbii and geoid data suggest that the influence of the
normal fault zones. Comparisons of data fronhotspot extends up to 500 km from the caldera.
a 1993 survey with GPS surveys in 1989 anTo examine these Ige-scale décts of the
1991 show significant crustal deformationhotspot signature, the newelfowstone GPS
which is characterized by subsidence ansurveys are designed to reobserve much of the
contraction over the 60 km-longeNowstone existing network and to make ties to the high-
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Figure 16. Three-dimensional deformation of
the Yellowstone caldera showing subsidence,
contraction, and regional strain (Meertens and
Smith, 1994).

accuracy GPS networks of surrounding state
which have approximately 100 km spacing.

4.2 The Earthquake Cycle

It has recently been estimated that within 5(
years more thana third of the wodddopula-
tion will live in seismically and volcanically
active zones. As a result, the international conr
munity is attempting to devise means to reduc
and mitigate the occurrence of these devasta
ing natural hazards. The International Counci
of Scientific Unions, together with UNESCO,
the World Bank and a number of U.S. agencie:
including—NSFE the DOE, the USGS and
NOAA—have endorsed the 1990s as the Intel
national Decade of Natural Disaster Reductiol
(IDNDR). These aganizations are planning a
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variety of scientific programs in an attempt to
understand how such natural disasters might be
predicted, or at least mitigated.

Because both earthquakes and volcanoes are so
strongly associated with significant crustal
deformation, it is expected that GPS
measurements will play a central role in many
of these scientific projectsiftually all of these
projects will include GPS field observation,
and in addition will use numerical models to
interpret and understand the measurements;
thus, modeling occupies a central focus in these
integrated studies of earthquakes.

Itis generally recognized that observations lead
to the definition of distinct intervals during the
more-orless repetitive earthquake cycle,
referred to as “coseismic,” “postseismic,” and
“interseismic.” The coseismic period is
identified as the short (approximately minutes)
interval associated with the earthquake itself,
when the majority of the slip occurs and elastic
and inertial dects dominate.

The postseismic interval is a somewhat loosely
defined period comprising days to perhaps a
decade in which further non-inertial slip
(aseismic slip or creep) takes place, together
with the surface deformation related to inelastic
stress relaxation within the upper part of the
asthenosphere. Both of thesefeefs vyield
surface deformation that decays approximately
exponentially The interseismic interval
comprises most of the long period between
earthquakes, during which plate motion reloads
the plate boundary and which can be
represented to a reasonable approximation by
simple rigid plate motion. There are as yet no
indisputable geodetic indications of a
“preseismic” process interval, in which
changes of an as-yet unobserved type might
occur prior to the earthquake.

Resolution requirements for the various
intervals depend to a certain extent on the



nature of what space-time frame features of thhave been constructed for both purely elastic
event are of interest. For example, if details oand layered viscoelastic-gravitational media.
the coseismic slip distribution are needed, the
accuracy of better than 100 mm over timeThe other kind of models are those in which the
periods of days and spacial scales 1-100 km «s|ip itself during a series of earthquakes is cal-
larger are required. On the other handculated as a consequence of a given set of
delineation of the physics of postseismicdynamical governing equations, boundary con-
deformation requires accuracy of 10-100 mnditions, and frictional properties on the fault.
over time scales of hours and spacial scales Once the earthquake history on the model fault
again 1-100 km. The interseismic phase ihas been computed, together with the slip in
obviously characterized by the same timeeach event, the entire history of time-dependent
space scales that characterize plate tectondeformation of the free surface can be calcu-
motion. The only factor known about|ated. Using this approach, earthquake
requirements for preseismic deformation is tharesearchers have begun to focus on the dynam-
the space-time accuracy and resolutiolics of interacting fault systems, and a series of
currently available is not sfigient to resolve fascinating new possibilities have emed that
indisputable precursors. define many new directions and lines of
research.
In order to understand the physical meaning c
the processes operating during each intervaFor example, these models, which are funda-
models must be used to interpret the data. Thementally nonlinear in character due to the
are two broad categories of earthquake modelnonlinear frictional forces acting on the fault
“kinematic” and “dynamic.” Although surface, have been shown to produce a full
recognizing the complexities of crustalrange of rich, complex dynamical behavior
deformation, most models have attacked thincluding limit cycles as well as chaotic behav-
problem of strain accumulation and release oior. Thus, at the same time that our ability to
a single prescribed fault. accurately observe crustal deformation has
blossomed with the advent of GPS technojogy

Models that prescribe the slip on the fault andramatic improvements have developed our
then calculate the resulting surface deformatioability to realistically simulate the physics of an
by numerically evaluating the appropriate€arthquake source process, and as a conse-
Greens function are called kinematic models.quence predict the surface deformation that can
Using these Grees’ functions, calculations be measured by space geodetic observations. It
have been carried out in which a series oiS therefore reasonable to expect that it may
earthquake slips are specified on fault planes ishortly be possible to critically test models for
time and space. ofjether with relative path competing ideas of the physics of earthquake
velocities, which are known from rigid plate nucleation using space geodetic data.

motion models, the surface deformation cat

then be calculated at any time or location on thA substantial and growing database of
surface on the model Earth. Self-consistencentineterlevel accuracy geodetic observa-
kinematic models of earthquake cycle can btions of deformation along active fault zones
developed in which a history of earthquakes inow exists. Important regions covered include
prescribed. In these models, both the slithose parts of California through which the San
distribution along the fault as well as the timeAndreas fault passes; the tectonically active
slip are given, and the resulting surfaceOwens and Chalfant valleys and Longllgy
deformation is calculated. Models of this kindcaldera; the \&satch range; eflowstone; the
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Delani, Totschunda, and Fairweather faults; athad been surveyed by the California Depart-
well as several islands sensitive to deformatioment of Fansportation (Caltrans) in the year
along the Aleutian trench in Alaska; many partsprior to the earthquake was remeasured. While
of Japan; the Alpine fault in New Zealand; thethe Caltrans measurements were made with
Anatolian fault in Trkey; and the Pozzuloi- single frequency receivers, it was found that
Campi Flegrei caldera in Itglyo name just a day-to-day repeatability of the baseline vectors
subset. A critical issue is how to make best uswas 0.5-1.0 cm in the horizontal components
of these data. Many of the previoukefs have and 3.0-3.5 cm in the vertical.
been devoted to verification of the predictions
of regional and global kinematic plate motionThe GPS baseline vectors were combined with
models. A most challenging problem is that olother data—Electronic Distance Measurements
using precise geodetic data to search for pr¢EDM), Very Long Baseline Interferometry
cursors to major earthquakes on these faults. (VLBI), and spirit leveling—to obtain a com-
plete picture of the three-dimensional
There are only three possible alternatives thicoseismic deformation field. An iterative quasi-
can explain the lack of observations ofNewton method was used to find the disloca-
precursors to date. The first is that there exist ntion geometry that best fits all of the available
precursors to observe at the precision that Wgeodetic observations. When weighted prop-
have available to us with our currenterly, all of the data can be accounted for by a
measurement techniques. If this is the case, oOlsingle dislocation surface that is consistent with
would like to prove it theoretically so that nothe aftershock distribution. The strike and dip
more money is spent on fruitless searches. Ttof the best-fitting dislocation is consistent with
second is that the space-time coverage of ttrmoment tensor solutions.
effected region is inadequate. If this is the case

one would like to determine, using theomhat  Gpg has been the principal tool used in study-
constitutes adequate coverage. The thiring postseismic deformation following the
alternative is that the precursory signals ar| oma Prieta earthquake. Strainfdgfion away
presently there in the data, but we do not knovom the epicentral region is predicted by theo-
how to recognize them. This alternative impliesgtical models of viscoelastic relaxation below
that thgoretlcal models for the earthquakepe seismogenic crust, and has been suggested
nucleation processes must be constructed a5 5 mechanism to explain sequential rupturing
provide predictions of the correspondinggiong a fault system. r@nsient postseismic

geodetic signature. Observational techniquegeformation has generally been explained
must then be devised to optimize chances fgjther by viscous relaxation of a ductile

detection of these signals. (asthenospheric) layer underlying an elastic
(lithospheric) plate, or by downward propaga-
4.2.1 Loma Prieta tion of aseismic slip along an extension of the

fault zone into the lower crust. The horizontal

An opportunity to model the phases of thedeformation field in the epicentral region prior

earthquake cycle was provided by the magnito the 1989 earthquake was already well-
tude 7.1 Loma Prieta earthquake of October 1'established on the basis of 20 years of geodolite
1989. This event was the dgast earthquake in measurements and several years of GPS
California in 40 years, and the dmst earth- measurements.

guake in the San Francisco Bay Area sinc

1906. Following the earthquake, a GPS netFollowing the 1989 earthquake two arrays

work in the Santa Cruz—atsonville area that crossing the San Andreas in the epicentral
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region and northwest of the rupture zone werspans over a decade, deviations of the Earth’
established and surveyed multiple timesmotion from that predicted by geophysical
Because of the extensive pre-earthquake mortheories with amplitude of 0.3 mm can now be

toring, it is possible to identify features in themeasured, for signals that are coherent with the

able to the earthquake. The postseismiyecracy have been used to infer the flattening

velocity _f|eld n the ep|cer_1tral region Of the of the core-mantle boundaryo bound the
Loma Prieta earthquake (Figure 17¥eli$ sig- . : . :

. . . anelastic properties of the mantle in the diurnal
nificantly from displacement rates measured i

the two decades preceding the event. The pos
earthquake displacement rates along the Blag
Mountain profile, which crosses the San
Andreas fault 44 km northwest of the Loma|:
Prieta epicentedo not difer significantly from |
those determined from 20 years of trilateratior
measurements. Howeverstation velocities
along the Loma Prieta profile, which passey !
through the epicentral region, significantly| -
exceed pre-earthquake rates within 20 km ¢
the Loma Prieta rupture.

Model velocities|
=
Post-seismic
velocities
reduced by pre-
seismic rates

A\
3 cmlyr \\

. . . pn L \\\\
There is also significant San Andreas normg 2okm
shortening centered near Loma Prieta. Contral hussslusid A

to expectation, the post-Loma Prieta GPS dat

cannot be fit with slip on a single fault plane, O'Figure 17. Excess postseismic station ve
by distributed down-dip deformation'following ties (secular displacement rates subtra
the earthquake. The data can be fit, howeveg ., postseismic rates) assuming the vel

with slip on two fault planes: strike-slip on a 5¢ \it Oso was unaffected by the earthq
fault coincident with the rupture plane, and(BUrgmann et al., 1994). Eor ellipses (

reverse-slip on a fault \_Nltr_un the- Foothills sigma) for the sites near Loma Prieteeano
thrust belt more or less coincident with the Ber-shOWn for clarity They ae the same der o

rocal fault. Slip within the Foothills thrust belt magnitude as the er ellipses at other site
appears to have be_en trigg_ered by the stressiiniso shown ar the velocities (filled aows
during the Loma Prieta mainshock. computed fom a dislocation model involvi

slip on two faults; strike slip on the Loma |

eta fault and thrusting on a&verse fault in tt
4.3 Deep Earth and Whole Foothills thrust system. The two shadedt:

Earth Applications angles show the pjections of the faults us

to compute the modeled station displacem

) The first fault lies in the Loma Prieta aft

4.3.1 Earth Rotation shock zone, ém 6 to 17 km depth, dipping®

SW with a strike-slip displacement rate of C

Geodetic techniqgues are able to sense ttm/yr The second fault slips 0.12 m/yr o

response of the mantle to internally ancreverse fault dipping £7SW striking subpat

externally applied torque. M# currently allel to the San Anéas, fom 1.4 to 5.8 k
available systems and a data set which nodepth.
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frequency band, to detect the influence of thof the dynamical mantle properties in this
solid inner core on the rotational dynamics offrequency regime.

the mantle, and to place upper bounds o

conductivity at the base of the mantle and thFFor example, competing models for the fre-
strengths of the magnetic field near the corequency dependence of the shse@main Q of the
mantle boundaryThe efects of the oceans mantle predict anelasticfetts on the rotation
have also been detected, and the influence whose amplitudes at the surfacdetifoy a few
the Earths atmosphere are also now becominmillimeters. While these values are small, they
evident. are detectable with current data sets. Similarly
magnetic coupling between the core and mantle
could also produce few millimeter deviations

The applications of geodetic systems, includin¢ .
PP g y ‘which are currently detectable.

GPS, cover all time scales from the diurnal ant

semidiurnal bands of the major tidal forces , ) ,
being applied to the Earth to decade duratio | "€ major diferences between a geophysical
theory for the motion of the Earthbody axis

variations whose study is limited only by the.

duration of the geodetic data themselves. In thi! SPace gnd those observed by .VLBI are
former of these time scales, the forcingShown in Figure 18. The lge annual signature

functions are well known and the g(_:‘ode,[ic(amplitude2mas) is interpreted as being due to

systems can measure the response of the Ead deviation of the core-mantle boundary from

to these forces. In the latter of these time scaleItS hydrostatic shape by about 4.5%. The long

the forces themselves are not well understooperiOd variations reflect deviations in the 18.6
and geodetic systems provide informatiory €& nutation whose accurate determination is

about convolution of the forcing function with currently limited by the duration of high quality

the response of the Earth. For very Iong-tern\/l‘BI data.
measurements, GPS must rely on VLBI
measurements to provide a link between long
term variations in the Earth’rotation and an
inertial reference frame.

Not so evident in the figure is a semi-annual
signal (amplitude 0.5 mas) which arises partly
from the excess flattening of the core mantle
boundary (0.3 mas), partly from ocean tides
(0.6 mas), partly from the anelasticity of the
For deep Earth studies, geodetic measuremermantle (0.3 mas), and partly from the deviation
can provide accurate information about theof the ellipticity of the whole Earth from that
dynamical interactions of the fluid core andcomputed assuming hydrostatic equilibrium
mantle. Much of this information arises from aand geophysical models of the density distribu-
resonance in the rotation of the Earth due to thtion of the Earth. Although non-hydrostatic
differential rotation of the core and mantle. Themodels of the Earth derived from seismic
torques applied to the mantle by the core artomography have been available for a number
sensitive measures of the flattening of the coreof years, a rotational dynamic model for the
mantle boundary and deformation of the mantlEarth has yet to be constructed with such data.
arising from the pressure at the core-mantlWhen such a consistent model is determined
boundary as the elliptical core rotatesthe anomalies due to the ellipticity of the whole
differentially with respect to the mantle. SinceEarth and fluid core should be eliminated.

the frequencies of these torques are in th

nearly diurnal band, the measurements of thBecause the forcing functions are known for
nutations of the Earth and the associatethe nutations, both the in-phase and out-of-
surface deformations provide unigue measurephase components of the response of the Earth
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are within the realm of detectability with the
current systems and data sets.

Global geodetic networks also allow the
motion of the rotation axis to be accurately
determined. Much of the free nutation, or
Chandler wobble, has been shown to correlate
with  variations in atmospheric mass
distributions. Howeveiit is likely that a part of
the wobble is excited by lge earthquakes and
relatively rapid tectonic motions (that have
been termed “silent earthquakes”). At the
present, lage earthquakes account for only a
fraction of the relative motions of plates at
i convegent zones, and for even less at strike
e , . slip plate boundaries.

1 1 1 1 1
1985 1986 1987 1988 1989 1990 1991

Difference (mas)

Figure 18. Differences between positions of an The detection of aseismic motions on plate
axis attached to the mean mantle of the Earth ~ boundaries  would add greatly to our
(body axis) in inertial space and that predicted understanding of plate motions, and would
by the AU 1980 nutation series and observed contribute to understanding the development of
with very long baseline interferometry (VLBI). large scale strain fields associated witlhgdar
The positions are expressed as two angles: (a) earthquakes on plate boundaries. Continued
nutation in longitude and (b) nutation in oblig- ~ 9lobal monitoring of Earth rotation should
uity. One milliarcsecond (mas) is equivalent to allow the detection of changes in the rotation
30-mm displacement at the surface of the axis associated with such motions.

Earth (courtesy Herring, 1993).
The establishment of global GPS networks will

can be determined, with the latter interpreted apermit more precise determination of the
arising from dissipative processes in the Earttfotation of the whole Earth and its relation to
For examp|e’ 0.4 mas Of the annua' S|gna| |S Olthe tl‘anSfeI‘S Of mass and momentum between

of phase and thought to arise from magnetivarous parts. More importanilyt will allow
coupling between the core and mantle whildhe determination of the spatial structure of the

other out of phase components are consisteWh°|e Earth deformation field, and allow the
with anelasticity of the mantle nature of the loading and momentum transfer to
' be better determined.

The accuracy of these nutation results, alon ]
with other rotational components such as diurd.4 I nteraction of Mantle

nal and semidiurnal variations in the rotationconvection and Tectonics

rate, is now so high that deficiencies in the

accepted tidal displacement models also nee

to be examined, particularly in the light of the4.4.1 Vertical Motions

effects of mantle inhomogeneities and anelas

ticity. Although these éécts are expected to be The Earth$ surface adjusts vertically in
less than 1 mm of surface displacement, theresponse to temporal changes in the forces
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applied at the base of the lithosphere, such thope of recording this process of hot spot-
might be caused by changes in temperaturcontinental lithosphere interaction, but
mineral phase, or pattern of convection. Fodetecting this small signal will require
most processes, the predicted vertical motionimprovements in the vertical accuracy

are too slow to be detected by GPS

instrumentation at present, or even with likelyq 42 Horizontal Motions

improvements in the next 10 years, with twc
possible exceptions. The first is the possibility
that broad continental plateaus, such deefl
and the Altiplano, might experience rapid uplift
as the result of delamination of the dense lowe
lithosphere that becomes convectively unstabl
on account of ovethickening of the
lithosphere at continental congence zones.

Although it is generally acknowledged that
lithospheric plate motions are driven by deeper
seated convective flows, the exact nature of the
coupling is not known. Recent comparisons of
plate motions derived from geologic data over
a few milion vyears with geodetic
measurements over a few years indicate that
the plate motions are the same over both time
For example, it has been proposed that scales. ¥t we know that the motion at plate
million years ago the ibet Plateau abruptly poundaries is not continuous, but is

rose by 1 to 3 km within the span of a mi”ionaccomplished in lge part by episodic
years on account of delamination of its coldearthquakes.

thickened lithospheric root. The rise of this

abrupt and massive continental feature had There is also evidence that the seismic (and
major influence on climate in southern Asia bysubseismic) motions on p|ate boundaries may
triggering the onset of the monsoons. At ratefg|iow larger scale spatial and temporal
of a few millimeters per yeavertical uplift in patterns; there may be an alternation of
response to convective destabilization of th‘earthquakes on comgant and transform plate
lower lithosphere could be measured and useénhgundaries on a time scale of decades.
to understand how the dynamiCS of the IOWGDeciphering such patterns and processes is
|ithOSpheI’e dects continental tectonics. C|ear|y important for understanding the
development of stress and strain along plate
The second example is the uplift of the Earth’ boundaries, and relating the earthquake cycle
surface as the lithosphere rides over mantle hto plate motions.
spots. From analysis of depth anomalies in th
ocean basins, it is clear that the uplift is of theGeodetic networks on the scale of hundreds of
order of a kilometer or two, and it reaches itkilometers should be able to measure the
full height within a few million years. displacements associated with major slip at
Investigation of the rate and pattern of upliftplate boundaries, and detect its evolution with
provides important information on the thermaltime as it difuses away from the plate
and dynamic properties of hot spots and howboundary into the interior of a plate, where the
they interact with the lower lithospheric motion becomes more uniform. Such data will
boundary layerNothing is known about this directly bear on the nature of the coupling
process for hot spots underlying continentabetween the plates and the underlying mantle,
lithosphere, such aseWowstone (Figure 19) and will allow the determination of the upper
and the many African hot spots, because wmantle rheology that controls the coupling.
lack a vertical reference for measuring uplift
associated with the passage of the lithospheiSuch measurements will also address another
over these hot spots. GPS provides the onlcentral problem. @ first order lithospheric
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Figure 19. The dlowstone hot spot swell @dthbusch and McNutt, 1993). Based on -
observed elevation of the topography and thedimted rate of motion of the North Americe
plate relative to the hot spot framework, the rate of uplift of the eastern side of the swelbis-a
imately 0.1 to 1 mm/yeaout it is difficult to extract the long-wavelength signal of the swaath fi
topographic noise eated by older Cenozoic tectonics in the western U.8cDabservations ol
the rate of uplift would immve our understanding of the hot spot phenomenon.

plates behave as rigid bodies; this is a centrilarge scale deformation is occurring is of
premise of plate tectonics. Nevertheless, plateconsiderable interest.

do deform, and measuring the deformation i

central to determining the limits of simple plate .

tectonic descriptions of surface motions, and tn4'4'3 Post-Glacial Rebound

understanding processes that may ultimatel

lead to the formation of new plate boundariesTo date, the principal constraints on the
This is apparent in the case of continentarebound of the Earth’surface in response to
portions of plates, which are not rigid and inthe glacial unloading have come from geologic
which incipient rifts form. The extent of observations of the vertical position with
deformation in oceanic plates is not known arespect to present-day sea level of former
present, and measurements of whether arshorelines with ages less than 18,000 years.
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This approach is limited because the reboun =~ comparison to similar plate boundary settings, it has
signal can only be measured where the lan been suggested that this region could be vulnerable

: : to extremely lage (> magnitude 9) subduction
surface intersects the sea and only the vertic earthquakes. GPS can contribute to our understand-

component of the surface readjustment can t  jng of ongoing processes by providing 3-D estimates
estimated. of contemporary deformation which should help
separate contributions from tectonic and post-gla-

. . cial mechanisms. This example illustrates the
Furthermore, the vertical datum, present-da importance of improving the vertical resolution of

sea level, has been continually changint Gps, integrating geologic and geodetic observa-
position over the past 18,000 years on accoul  tions, and developing theoretical models to

of the draining of the glaciers into the ocear understand causative processes.

and changes in the geoid due to mas

redistribution accompanying melting and4. The rebound of the Earth’'surface from glacial
rebound. GPS measurements promise t unloading at the longest wavelength can be inferred

provide a much richer data set to solve for thi oM temporal variations in the degree 2 gravity
field as detected by monitoring variations in the pre-

Earths response to unloading in several ways cession of satellite orbits. The precision of such

estimates can be improved with better tracking of
1. GPS measures horizontal, as well as vertica satellites and by instrumenting satellites with GPS
motions. Horizontal motions are much more sensi-  receivers.
tive to radial variations in viscosity than are vertical
motions. And they are also sensitive to variations ir
models of the ice loading historyDifferences Like the withdrawal of Quaternary glaciers, the

among predictions from currently viable modelsdrying_up of Quaternary lakes, and the

exceed 2 mm/yrWithin 5-10 years, GPS observa- iated lith heri loadi id
tions will resolve much of the current debate abou@SSOcCIated lithospheric unloading, provides a

mantle viscosity structure. means for estimating upper mantle viscaosity
The Basin-Range intraplate regime represents a

2. GPS observations can provide data anywhere 506 800-km wide area of active extension
receiver can be located, not just at a coastline. /

wider geographical distribution of displacement@ssociated with dominant normal faulting.
data will make it possible to separate out the “noise’ However a more important signature of the

of local deformation due to other causes. In order tgytangional process is the relatively high
investigate the regional d&rences in rebound

caused by lateral variations in mantle viscositg ~ topography of this region—that is, a 1200-
can study the desiccation of inland seas like the Arsmeter central topographic high surrounded by

and Caspian Seas using local GPS surveys 1o me|5ya depressions on the province boundaries
sure the rebound and periodic aero-gravity survey

to measure the rate of desiccation. These aer¢narked by the presence of daf but now
gravity surveys will require precise navigation by desiccated, Quaternary lakes: Lake Lahanton
GPS in qrder to separate gravitational from |nert|alorl the west and Lake Bonneville on the east.
accelerations of the moving platform. ) .
The excess 250 m high of the central uplift has
3. Understanding the contribution of post-glacial been attributed to mantle flow upwelling in the
rebound to contemporary deformations is critical forcenter of the Basin-Range, actively extending

effectively monitoring present-day sea level rise anc . . . .
for properly interpreting possible tectonic deforma-the lithosphere in a general east-west direction,

tions. For example, recent models of p_resent-dajOpening at least 100% over its 20-million year
post-glacial rebound predict onshore uplift anid of hjstory Province-wide measurement by GPS of

shore subsidence at rates of a few mm/yr along th - .
Pacific Northwest coast of the U.S. and Canadathe topographic high compared to the

This is similar to rates reported from repeated levelsurrounding lows can provide important
ing and tide gauge measurements and interpreted constraints on processes such as mantle flow

reflect on-going subduction of the Juan de Fucz . it d ulimatel h the Basi
plate beneath North America. On the basis of conV!SCOSIly and ultimat€ly on how the basin-

temporary deformation, paleoseismic studies, anRange works.
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Furthermore, the upper mantle beneath Lakrapid sea level rise results from an extreme
Bonneville reflects a recognized region ofnon-linear response of these ice sheets to long-
crustal rebound of more than 300 m in the pasterm climate change.wlo approaches can be
10,000 years, attributed to a low-viscositytaken to understanding the link to sea level rise
upper mantle of 1019 mPa. This value is weland the major ice sheets. One is to gauge the
below the viscosity of the surroundingpresent mass balance of the remaining ice
continental mantle of 1021 mPa, and issheets of East and &t Antarctica and
hypothesized to be reflective of a mobileGreenland, while the second is to understand
mantle. GPS measurements of thesegear the processes which control the rapid collapse
Quaternary lake shorelines can provide aof major ice sheets. Both these problems
additional dimension and greatly add to therequire the precise positioning available from
detail of contemporary deformation of thisGPS.

region, which is postulated to materiallyesft

the capability of nearby faults, such as the45.1.1 MassBalance

Wasatch fault.

The present mass balance estimates of the
. major ice sheets is based on limited poorl
4.5 lce Dynamlcsand Sea posjitioned data. These results to daFt)e a)r/e
Leve unsatisfactoryChanges in the surface provides
insight into the total flux of material into and
out of the ice sheet.racking these changes in
surface elevation to better than 1 cm may be
necessary to identify the changes.

The worlds oceans and the major ice sheet
form a linked system which drive much of the
world’s climate change. The oceans are
dominated by circulation systems which
transport heat and material from the equators
the poles and back. This heat transpor
subsequently drives much of the local climatic
systems. Ice sheets, as slow moving an
isolated as they appear to be, have tremendo
potential for modifying the ocean circulation
system. Recent evidence indicates the
collapsing ice sheets not only cause sea lev
rises but also rapid changes in climate. Thu
deciphering the dynamics of the oceans an
dynamics of major ice sheets both are critica
targets in the ongoing f&frt to understand the

record of past climate changes and predic
future climate change.

The ideal approach would be to map the surface
remotely or from aircraft. A number of space
missions have attempted this—i.e., Geosat,
Seasat, and ERS-1—but the results continue to
be as ambiguous both due to thdiclifity in
recovering accurate results from steeply
sloping regions, ambiguities in the orbits, and
the lack of full coverage of the East an&3V
Antarctic ice sheets. Future missions are
targeted at this problem.

Aircraft are also capable of recovering accurate
ice surface elevation over a wide region.
Surface-based work provides the highest
accuracy measurements, but continues to be
) plagued by uncertainties in location of the
4.5.1 Ice Dynamics stations, as well as the figulty of installing
ground locations. It has been proposed that the
Over the last 20,000 years, the marine icmountain glaciers in temperate climates may be
sheets of the Northern Hemisphere an@ significant contributor to short-term climate
Antarctica have been the ¢gast contributors to change. Monitoring the surface of the mountain
sea level change. Evidence is building thaglaciers to better than 1 cm may provide
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important insights into their contribution to the One mode is represented by interior ice which
present rise in sea level. is fixed to the bed and moves primarily by
internal deformation with surface velocities of

A more direct determination of the mass® féW tens of meters per yedihe “classic”
balance of ice sheets can be made by takirParabolic ice sheet profile is indicative of this

advantage of the well-understood elastiMterior ice reservoir

response of the solid Earth to changes i

surface loads. That is, to use the Earth as The second mode is characterized by ice
spring balance to weigh the changes in ice shegliding over its bed which is channeled into ice
masses. For example, a continent-wide (~ 21¢streams up to 100 kilometers in width and
km radius) uniform change in thickness of theseveral hundred kilometers in length, with
Antarctic ice sheet sfifient to change sea sPeeds of hundreds to thousands of meters per
level by 1 cm would lead to a vertical motion ofyear These ice streams, which have very low
the rock at the edge of the ice sheet of 4 mm arsurface profiles, are the conduits that drain the
a horizontal displacement across the continerinterior ice reservoir

of 2 mm. For a given change in sea level (ict

mass), the displacements scale inversely witMost of the potential sea level increase is
the width of the ice sheet. Thus a uniformlocked within the interior ice reservoiA
change in the thickness of thee®¥¥ Antarctic migrating ice stream system may reduce the
ice sheet (~ 700 km radius) faient to cause a size of an interior ice reservoir at rates much
1 cm change in sea level would triple thesedaster than predicted by steady-state ice sheet
displacements, giving elastic displacementmodels where the size of the reservoir changes
comparable to the accompanying change in seonly in response to changes in precipitation.
level.

The end result of this migration is a rapid sea

A change in mass balance on the scale of an ilevel rise. This migration of the interiaze/ice-
stream (~ 70 km) would lead to decimeter levestream boundaryrequently called the onset of
elastic displacements for cm level changes iice Streaming, may be governed only by long-
sea level. Since changes in sea level of meteterm climate change and the sub-glacial
are envisioned to accompany global Chanwconditions which control ice streaming. In
the resulting deformation of the elastic Earttother words, rapid sea level rise caused by

should be diagnostic of the change in ice sheimarine ice sheets may bedaly independent
mass. of short-term changes in temperature and

precipitation.

4.5.1.2 Ice Sheet Dynamics _
4.5.2 SealLevel: TheLink Between Ice

To understand the entire ocean-ice sheet systeDynamics and Tectonics

it is important to examine how ice sheets

collapse. Studies of both the climate record anMean global sea level rose at an average rate of
the remaining ice sheets indicates that th1.8 mml/year for the past 80 years. At this rate
collapse of an ice sheet may be a non-linect will rise 2 cm in the next dozen years. This
response to climate change. This non-lineaforecast based on 8 decades of data, is accurate
response may be attributed to the bimodeo only 30%. If we are to forecast future sea
dynamics now recognized for marine icelevel trends to, say20% for the next few
sheets. decades, we should need to measure sea level to



an accuracy of approximately 1 mm/y€Binis receivers based on weekly averages has been
accuracy is almost an order of magnitudereported. Recent developments in the
beyond what has been achieved in the past. application of radiometer corrections to GPS
data suggest that GPS vertical repeatabilities of
In measuring sea surface elevation directly w2-3 mm may be achievable. Further work is
need to take account of thefesfts of thermal needed to demonstrate whether these results are
variations in the ocean that are an indirecuncontaminated by systematic corrections, and
consequence of global change, and whicif so, GPS measurements near tide gauges have
modify our interpretation of the significance ofthe potential to provide an adequate vertical
a sea level rise. TheOPEX mission will measure of tide gauge elevation.
contribute substantially to our understanding o

ocean dynamics, but with a 3 cm accuracy Oyt js envisaged that GPS can contribute in three

better v_viII contribute little to fqrecasting future ways to monitoring sea level: (1) links between
trends in sea levelt yearly periods unless the /| g| sjtes (ji.e. the international vertical

rate of rise increases by an order of magnitud(datum) and coastal sites; (2) continuous

measurements at selected tide gauges (a GPS
The direct measurement of sea level at yertical datum); and (3) measurements between
continental coastal site often provides a noiS'shoreline and é&hore buoys. The first two of
estimate of glObaI sea level. Island sites arthese measurements would be app"ed to the
preferable. The precision of tide gauges iGLOSS network (global sea level system), and

typically of the order of 1 mm but seasonal start on this has already been made.
signals local to the tide gauge are generated |

local wind stress, onshore currents,
temperature and salinity variations. Some o
these error signals perturb sea level in a rando
sense (e.g. residual errors in estimating loc
salinity or temperature). Howevesthers may

In addition to the GLOSS sites, measurements
to tide gauges on tectonically unstable
coastlines yield both the tectonic signal and the
sea level signal when they are related to the
introduce systematic departures from sea leve? Bl datum. Absolute-g and space geodesy
as do, for example, long period fluctuations ird€!iver comparable - vertical measurement
onshore current direction which invite thePr€cision. Combinations of absolute-g and

development of trapped waves and onshorSPace geodeswith their similar error budgets
sea-surface slope. (but different systematic sources of error) are

likely to provide important tests of system

In experiments designed to monitorfeiential ~ 2°C4aY

tectonic vertical motions, tide gauges indicate

that sea level can vary by up to 1 cm/year ove . .
distances less than 20 km even though lon4-6 Precise Mapping and

period enggy may be coherent over many i i i
hundreds of km. This suggests that s,ub-crl\lavlgatIon In Oceanography

residual errors in tide gauge measurements m:

be removed only by averaging a dense networlGPS technology can advance the study of the
ocean dynamics problems by means analogous

The potential accuracy of the new VLBI/SLRto those for ice dynamics. Unlike land based

global vertical datum is approximately 3 mm.operations where locating point measurements

Seven-mm vertical accuracy from a globalis the dominant mode of operations, the ocean

network of continuously operating GPSand ice issues are best addressed by remote
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sensing tools. These tools include buoys(WOCE). The spacecraft is the only instrument
aircraft, ships and satellites. being applied in WOCE to provide global
coverage of ocean circulation. The spacecraft
The crucial contribution of GPS is to accuratelyitself is tracked by a variety of methods
position these instruments, which then makeincluding laser and ground-based techniques
possible a wide variety of measurements, suc(SLR/DORIS) and the payload includes a GPS
as Doppler velocity measurements of the watereceiver The baseline SLR/DORIS orbits are
column and precise measurements of the oceiestimated to have an rms accuracy of 5-6 cm.
or ice surface from an aircraft or satellite. TheThe SLR/DORIS orbits are now limited by
buoys must be positioned to 100 m, the aircraimodeling errors that will be di€ult to reduce
to better than 1 m, the satellite to severafurther
centimeters and the ship to several meters.

In contrast, the GPS-based orbits f@AEX/
Traditionally, oceanographers have relied uporposeidon now have an accuracy approaching
point measurements of ocean currents usin2 cm, which represents an extraordinary
moored mechanical and electromagnetiincrease in accuracyloreoverthe accuracy of
current meters. Howeverduring the past the GPS-based orbit solutions is much less
decade it has been possible to measure ssensitive to the accuracy of models of
surface height to high accuracy with satellite-gravitational and non-gravitational forces on
borne radar altimeters. the satellite than the SLR/DORIS solutions and

the GPS orbits have the smallest
Because the Ige scale flow of ocean currentsgeographically correlated orbit errors. This
control sea level height, with contributionsfeature makes the GPS-based orbit solutions
from essentially static variations in gravity inuniquely suited for determining the absolute
the underlying solid Earth, it has becomegeostrophic circulation (the net flow through
common practice to infer currents globally ancthe full water column), a quantity that

to repeat the measurements frequeniliie oceanographers have no other means for
importance of accurate positioning at sea hadetermining globally

been well understood since the Renaissanc

However improvements in navigation have The GPS-based orbits for the OPEX/
been lagely incremental during the pastpggeidon spacecraft have the potential to be
been extremely  expensive,  requiringradial direction. Any improvement in the

specialized equipment and highly trainedaccyracy of the orbits translates directly into
personnel. The advent of GPS has changed tf,,ch  reduced uncertainty of the ocean

picture completely; positioning with accuraciesgjrcylation on all scales for both time variable
of 10 m is essentially instantaneous annqtime average motions. Reduced uncertainty
inexpensive. Though time consuming, precisin estimates of the circulation in turn translates
positioning to centimeter levels at sea is noVgjrectly into improved model initialization and,
possible. therefore, smaller errors in forecasts of future
climate states.
4.6.1 Mapping of Global Sea Height
If 2 cm rms errors can be achieved, the orbit
The TOPEX/Poseidon spacecraft is currentlyuncertainty will no longer be the dominant
mapping sea surface height in coordinatiorerror source, as it is now over much of the
with the World Ocean Circulation Experiment Earth. Such accuracies could, for example,
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permit the computation of the flux digemces 4.6.3 Ocean \Afrming
of heat to and from the atmosphere by the oce:

at a level of accuracy approaching that requirean international ébrt is underway to measure
to infer directly a greenhouse warming. the temperature of the oceans and to determine
if any secular change may be related directly to
. greenhouse warming. The idea is quite simple;
4'6'?_ Acoustic Doppler Current the warmer the ocean, the faster the sound
Profiling speed, and the shorter the acoustic travel time
between a source and a receivéesoscale
variability, longer term variations such as El
Nifio, and seasonal variations lead to
significant variations in temperature, but
adequate averaging in time overgearspatial
scales (4-10 mm) can isolate thdeefs of
warming.

Oceanographers have recently develope
acoustic Doppler current profilers (ADCP)
which are capable of measuring current profile
in the upper several hundred meters of ocee
from moving ships. Such currents include the
important western boundary currents such a

the Gulf Stream. The principle of operation , experiment recently conducted using a

?nvolves th(? measurement of the Doppler ShifNavy-Ieased ship, the M/V Cory Chouest and a
in acoustic engy back scattered by nauy source array to transmit coded sound
heterogeneities in the water column. This nevgccessfully demonstrated the practicality of
tool permits the routine measurement OTtransmitting acoustic ergy globally (Figure
important shallow currents when the ship is0). The ship was positioned near Heard Island
underway between stations or accomplishinin the southern Indian Ocean and the signals
scientific tasks of an entirely unrelated nature.were received along the east and west coasts of
the U.S. as well as at other stations including an
GPS provides a reference frame for theray at Ascension. The Gulf al had just
measurement of shallow currents using th?€9un and AS had been turnedtoffacilitate
ADCP. The shigs heading must be known to fixing in the battlefield. Figure 21 plots GPS

high accuracylLack of knowledge of heading determined position along a ray connecting to
generates an enormous error in the imc(_:‘rreAscension with the position integrated from the

currents. Fortunatelythe measurement of the Doppler measurements at Ascension, 10,000

attitude of a moving platform, including its km away The = two  positions  agree
) . extraordinarily well.
heading, can be measured using several GF

antennae located around the ship using pha:The object of the long-term measurement
differences between broadcast signals. Wh"(Acoustic Thermometry of Ocean Climate
such measurements on oceanographic ShipSATOC), however is to fix the source and

certainly not yet routine, GPS provides argceiver and measure the travel times over a
elegant solution to this technical problem. ThqOng period of time. In an associated
remaining unknown in the system is the ship’ experiment (GAMOT) the investigators plan to
speed which, again, can be inferred by iugment the permanent array with floating
judicious averaging of velocity determinationshydrophone buoys. The buoys will float freely
from GPS position, velocifyand time (PVT) through the world oceans recording the
measurements. The more accurate and frequetransmitted signals every few hours. The

the PVT measurements, the more accurate ttposition of the buoy is to be determined using
inferred shallow currents. GPS. Because the Precise Positioning Service
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Figure 20. Paths taken by sound in the Hekland feasibility test (Baggeer, 1992).
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Figure 21. Observed and GPS phases (Bapged992). The thick line shows the R/V Cc
Chouesst departue from uniform motion along a course of 26@ward Ascension Island on 2t
January 1991, as determined by GPS. The thin line is the detected phase of the signal a
sion Island. The soune-receiver separation is apgximately 9000 km, yet thelative distance
between them is tracked to within 10 m.
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(PPS) cannot be installed on an unattendeGPS has revolutionized mapping in the oceans.
buoy, the on-board receiver will have access tThe resolution of the swath mapping systems,
only C/A code with an accuracy on the order ogiven the size of the acoustic footprint, is
100 m. approximately 100 m, sometimes a bit better
order to position these footprints on the
The investigators have determined that a 40 iseafloor in a regional or global reference frame,
accuracy is the minimum acceptable. In ordeaccuracies better than 100 m are needed (C/A
to correct the positions, the buoy PVT data willicode). Through é&brts within the Navy the
be compressed and transmitted via the ARGOinstallation of high-value GPS receivers on all
(French) satellite to a classified DataNavy-owned ships in the oceanographic
Correction Facility (DCF) at Pennsylvaniacommunity is planned.
State University The DCF will calculate
corrected positions and these will subsequentlA trial with an installation on a single ship has
be used for data analysis. The combination cbeen a great success. It is anticipated that when
these two acoustic systems, one of which reliethis experiment with Navy-owned ships (e.g.,
entirely upon the GPS, should be capable cMelville, Knorr, and Thompson) proves
isolating a greenhouse warming signal in &uccessful, similar receivers will be deployed

decades time. on other university-operated oceanographic
ships (e.g., Ewing and Atlantis 1) where
4.6.4 Seafloor Mapping accurate positioning is important.

Many important discoveries were made in theé4.6.5 Other Shipboard Applications
oceans during the 1960s and 1970s usin
painstaking mapping methods involving theThe measurement of gravity from a moving
integration of single profiles of magnetics ancship has been a challenge since the 1920s. The
seafloor bathymetry data. Plate tectonicsfirst measurements were made in submarines
among the greatest revolutions in 20th centurusing a pendulum. echnology has advanced
science, followed directly from suchfefts. considerably and inertial tables are now used to
During the past decade, fostered by earliemaintain a standard gravimeter in a vertical
classified programs within he U.S. Navy position. Howeverone of the greatest sources
oceanographic research vessels have begunof error in seaborne gravimetry involves
map seafloor bathymetry over dar swaths corrections of shig speed and heading, the
directly. Eotvos Correction. While crossover errors of
1-2 mgal are routine and probably indicative of
Prior to the advent of GPS, the mapping relieimeasurement accuracyhe use of precise
upon infrequent fansit satellite fixes and dead positioning at sea to determine velocity and
reckoning. Data collection fefts were heading could improve upon these standards
generally followed by months of painstakingconsiderably Furthermore, GPS precise
processing involving track readjustments an(ositioning allows the proper registration of the
rubber sheet distortions of data to removegravity data with the underlying topography
inconsistencies in the data collected.
Repositioning a ship on the otherwise highlyOne of primary economic drivers in the
accurate topography to install a station, tcdevelopment of dierential GPS techniques
repeat a depth measurement, or fonear continents was petroleum exploration
reoccupation in general, was essentiallinvolving 3-D migration of multichannel data.
impossible. In this experiment, the ship, sources, and
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receiving array is navigated with an accuracwith the watets phase changes, the distribution
on the order of 2 m. The data is collected in thiof water vapor plays a critical role in the
precise grid and then migrated downward irvertical stability of the atmosphere, and in the
three dimensions to reveal extraordinary detailstructure and evolution of storm systems.

in the subsurface structure.  While

oceanographers have used this 3-D teChniqirye transport of water vapor and its latent heat

in important surveys near continental giaé y, the general circulation of the atmosphere is
and trenches near land, the lack of a simila,, important component of the Easth’

reference frame in the open ocean precludeqridional enggy balance. \Ater vapor

similar experiments on, sagnid-ocean ridges. qntrihytes more than any other component of
Perhaps GPS with greatly |mpro_v_ed orbitsi o atmosphere to the greenhousdecef
could be used to post-process position data iconyersely the high albedo associated with
facilitate such experiments. clouds limits the solar radiation available to
heat the Earth. In light of these considerations

While centimetetevel positioning on land has it js clear that atmospheric water vapor plays a
become routine using GPS, the same is not trigrycial role in both weather and climate.

for the oceans. While long-term averaging is
possible on land, the dynamics of a moving

<

platform at sea preclude the use of thesAtmospheric scientists have developed a
methods However differential GPS variety of means to measure the vertical and

measurements to a float with attached a(:ousthor!Zontal distribution  of Watgr vapoiThe
transponders to fixed monuments on th(radlosonde, a balloon-borne instrument that

seafloor have been successfully used to obtahs’ends temperature, pressure, and humidity data
centimeteflevel accuracy Such seafloor to the ground by radio signal, is the cornerstone

geodetic measurements will allpfor the first ©f (he operational analysis and prediction
ime. the determination of ocean ridgesystem at the National Meteorological Center

spreading rates and the nature of the episodici'and at similar _operat|onal weather forecast
of spreading. A pilot experiment on the Juan geenters worldwide. Space-based water vapor

Fuca Ridge has been underway for Severe.radiometers (WVRs) are used to map

years. The technique depends entirely upon trmtegrated water vapor (IWV) over the oceans,
use of diferential GPS so that open ocearand ground-based WVRs can provide similar

measurements appear to be precluded kdata over land.
current technology
None of these systems provide adequate
. . coverage of the water vapor distribution in both
4.7 Atmospheric Sensing space and time. Accordingly there is
considerable interest in the meteorological

Water by virtue of its unique physical community in developing new approaches to
properties, plays an important role inthe measurement of atmospheric water vapor

atmospheric processes that act over a widthat can complement the systems already in

range of spatial and temporal scalesatyy USE- One of the most promising egiag
vapor is the most variable and inhomogeneoutechnologies is GPS meteorology

of the major constituents of the atmosphere

The distribution of water vapor is intimately GPS meteorology refers to the use of the
coupled to the distribution of clouds andGlobal Positioning System for remote sensing
rainfall. Due to the laye latent heats associatedof the atmosphere in general, and of water
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vapor in particularTwo major approaches to ionosphere and the neutral atmosphere.
this goal have been identified. lonospheric delays are dispersive and are
estimated by acquiring observations at two
1. Ground-based GPS meteorologphis technique frequencies. The delay due to the neutral
uses ground-based networks of geodetic Gpiatmosphere can be partitioned into a
receivers to measure integrated water vapor (IWth q ic del d delavrh
or, equivalently precipitable water (PW) overlying y rOStat!C elay and a wet ) elayr e
each receiver in the network on a time continuoushydrostatic delay can be predicted given

basis, with a temporal resolution of 10-30 minutesgccurate surface pressure measurements.
In most cases the ground-based approach will prc

vide no direct information on the vertical
distribution of water vapor The possibility of using continuously operating
. eodetic GPS networks for remote sensing of
2. Space-based GPS meteorologgPS receivers gt heri t is b d gth
based in low-Earth orbit (LEO) satellites would be 3tMOSPNETIC Waler vapor IS based upon ihe
used to measure GPS signal delays for sub-horizordevelopment of “deterministic” least squares
tal signal paths through Earshatmosphere during and Kalman filtering techniques in which the
atmospheric ocgultatlon events. Thes.e.data W.Othenith wet delay (ZWD) #&cting a GPS
be used to estimate vertical refractivity profiles . . . .
through the atmosphere. Given prior knowledge off€C€iVer is estimated _ from the O_bserva“_ons
atmospheric temperature the refractivity could berecorded by that receivefhe physical basis
used to infer atmospheric humidityr vice-versa. for this measurement is the simultaneous
The spaced-based approach will provide relatively . . .
little information on the lateral variation of atmo- obsgrvatlon of the_ signal P'e'ays at a 9'_"8”
spheric conditions. receiver from multiple radio sources which

differ in their angles of elevation.
The ground-based and space-based concej

were developed independentiWhile the ysing these techniques it is now possible to
ground-based approach exploits techniquegsiimate, on a routine basis, the ZWD at each
developed by GPS and VLBI geodesists, thigation in a continuously operating GPS
space-based approach has it origins in the radnetwork with less than 10 mm of long-term bias
occultation technique developed by planetan, equivalent excess path lengths, and less than
astronomers to study the atmospheres of Mar1g mm (rms) of random noise. Since the ZWD
Venus, and the outer planets. The ground- ary; 5 radio receiver is nearly proportional to the
space-based approaches are complementé,ertically integrated water vapor overlying the
rather than competing techniques, and 'qea”receiver the possibility arises of using
both will be implemented as operationalgmeging networks of geodetic GPS receivers

systems that will support improved weathelqr remote sensing of atmospheric water vapor
predictions, better regional water vapor

climatologies, and basic research intc

atmospheric storm systems and global climat!/f the vertically integrated water vapor
change. overlying a receiver is stated in terms of

precipitable water (PW), that is as the length of

an equivalent column of liquid watehen this
4.7.1 Ground-Based GPSMeteorology  guantity can be related to the ZWD at the

receiver Thus, in the following equation, ZWD
An important task in the geodetic analysis ofis given in units of length, and the
GPS or VLBI observations is estimatingdimensionless constant of proportionalKy is
atmospheric propagation delaydeating the a function of various physical and chemical
microwave signals recorded by a GPS or VLBIconstants and a parameteffm, rather
receiver These delays are caused both by thmisleadingly known as the “mean
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temperature,” which is a function of the vertical“WVR levering”). Other approaches have been

temperature and water vapor distribution. conceived but are not discussed here. The most
attractive approach to eliminating the need for
PW= K+ ZWD (1) an independent measurement of PW

somewhere within the network is to incorporate
As a rule-of-thumb K= 0.15, but its depen- @& few GPS stations that introduce baselines in

dence on Tm, which changes with site, seascexcess of 500 km. Provided that feziéntly

and weathercauses the value of K to vary by asgood orbit information is available it will then
much as 10%. be possible to estimate absolute ZWD and

therefore absolute PW using the GPS

Given access to surface temperatur©Pservations alone.

observations at a GPS receiver it is possible t

predict K with a relative rms error of about 2%,In a recent experiment, a GPS receiver and a

and numerical weather models can used tWVR were operated at either end of a 50 km

predict K with a relative rms error of about 1%.baseline in Colorado and it was demonstrated

The significance of these results is that whethat the GPS-derived and WVR-derived time

equation (1) is used to transform an estimate (series for the diérence in PW at either end of

ZWD into an estimate of PWery little noise the baseline usually agreed to better than 1 mm.

is introduced by the transformation. The errol

in the resulting PW estimate would deriveA much lager demonstration experiment

almost entirely from the error in the earliercalled GPS/SODRM involved collecting GPS

estimate of ZWD. observations at five \Wd Profiler sites in Okla-
homa and Kansas, and at a site in Platteville,

For GPS networks with apertures smaller thaColorado. A WVR at Platteville was used to

about 500 km both the determinstic (leaslever the ZWD values so as to deliver absolute

squares) and Kalman filtering techniques useestimates of PW at the five remaining sites. At

to estimate zenith delay are more sensitive tthree of these sites PW was measured indepen-

relative rather than absolute delays. Thidently using WVRs. Thirty days of GPS- and

situation comes about because a GPS satellWVR-derived estimates of PW were then com-

observed using two or more receivers is viewepared (Figure 22). The d&rence between the

at almost identical elevation angles, causing thWVR and GPS solutions for PW had an rms

delay estimates to be highly correlated. Thevalue of 1.6 mm. Part of this error derives from

estimates of ZWD and hence PW derived fronerrors introduced by the WVRs.

a small network are subject to an unknown bia

at each epoch. The value of the bias is constagven at this early stage in its development

across the whole network (i.e. the bias varies iground-based GPS meteorology has already

time but not in space). proved capable of delivering PW measure-
ments of practical utility to meteorology

There are several possible approaches f

estimating this bias, a task known as “levering’ v

(one levers the group of biased ZWD estimateA"7'2 Future Opportunitiesin Ground-

up the ZWD axis until they all have the correctBased GPS Meteorology

absolute value). One is to measure PW with

WVR at a single site, then solve for the bias irlt should soon be possible to develop and dem-

the GPS-determined ZWD and apply thisonstrate a nearly real-time GPS meteorology

correction across the network (this is known acapability using a continuously operating GPS
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Precipitable Water From GPS, WVR, & Radiosondes
UNAVCO/NCSU 1993 GPS/STORM Experiment
‘WWM

N
g
Haskell (125 km)
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Vici (128 km)
Lamont (1 km)

Haviland

Purcell (28 km)
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Precipitable Water in cm

Figure 22. Pecipitable water (PW) is shown for 30 days and five stations (Rocken et al., :
Each panel shows the station name and distamre freaest ROAB &lease site in the lower lef
cornet The small blue dots in the top ¢lertraces of each paneleakVVR measaments, small
red lines ae 30-minute GPS estimates, and the isolategmpoints, separated by many hou
are determined bm RAOBS. WVRs at VICI and Eeil wee pointed at the GPS satellites ar
the measwements wer scaled to zenith. The Lamont WVR observed in the zermttialr only
thus the educed scatter of the WVR mea&soents. The apws in the Lamont panel point &
examples of faulty WVR data—in these cases caused by dew on the WVR@timneloWVR out-
liers in the top thee panels a typically caused by rain.
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network being constructed in the central U.S(LEO) GPS receiver and one GPS satellite
under the auspices of the NOAAIMI Profiler traverses the Earth’atmosphere. When the
group, and possibly using other testbeds ipath of the GPS signal begins to transect the
addition. Once a real-time capability has beemesopause at about 85 km altitude, it is
demonstrated it is likely that the meteorologysufficiently retarded that a detectable (1 mm)
community will push ground-based GPS metedelay in the dual-frequency carrier phase
orology as a major operational initiative. observations is obtained by the LEO GPS
receiver As the signal path descends through

There are major potential sygées between successively more dense layers of the
this activity and GPS networks presentlyatmosphere, the delay increases to
planned by a variety of government agenciesapproximately 1 km at the Earshsurface.
The FAA is planning to install continuously
operating GPS receivers at more than 30Thus, the atmosphere creates a unique signal
airports in the U.S. to support precisionwith over 6 orders of magnitude in dynamic
landings during the next few years. The Coasrange. A single LEO GPS receiver could
Guard is planning to install 30-50 continuouslyobserve more than 500 total occultations per
operating systems at coastal sites in order iday (=250 rising and ~250 setting), with
support DGPS navigation. Many state geodetiroughly uniform global coverage.
surveys and highway departments are
constructing or have already constructed smaThe delay is caused primarily by increased
continuous GPS networks. bending as the ray path descends through
increasingly dense layers of the atmosphere,
If these eforts could be coordinated, it shouldand to a lessor degree by the reduction in
be possible to construct a national multipurpospropagation velocity GPS can be used to
GPS network capable of supporting a widemeasure the precise positions of the satellites
range of scientific, governmental, andinvolved, justas the system is used on Earth. In
commercial applications. GPS meteorologyaddition, the LEO receiver can be used to
could act as the catalyst in fimg such an record precise phase measurements on the
alliance. The National Bather Service already occulted GPS signals. Combined with the
has stations in most of the airports at which thprecise positions, these phase measurements
FAA plans to install GPS, and has many yearprovide a time series of “excess Doppler” (i.e.,
of experience in nearly real-time dataDoppler in excess of that explained by the
gathering. The major problem ingamizing a motion of the spacecraft), which can be
national GPS network will be political ones—itinverted to a refractivity profile of the
requires several disparate government agenciatmosphere.
to work in a timely fashion towards a common
goal. Measurements of this type could provide new
data for at least two key global change
4.7.3 Space-Based Meteorology with ~ Variables: atmospheric  temperature  and
moisture distribution. For dry air (typically
GPS measurements above 7 km), the refractivity
profile can be converted to a temperature
Preliminary studies indicate that accurateprofile with an accuracy of ©1C up to an
high-resolution atmospheric soundings can baltitude of about 45 km. For regions with
retrieved from the observations obtained wheisignificant moisture in the atmosphere, the
the radio path between a low Earth orbitincrefractivity profile can be converted to a
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moisture profile with an accuracy of roughlyprobe the ionosphere along many paths.

10% RH, provided ancillary temperature dataVariations in signal phase will reveal

or a model of temperature is available. ionospheric density waves caused by seismic,
tsunami, massive explosions (as caused by

An operational system that meets its fullnuclear tests), meteorological, and many other

potential could significantly improve weatheratmospheric and geophysical events. These

forecasts, particularly over ocean areas, wheidata can be used to study the relationship

meteorological data is sparse toddy long between the source event and the atmospheric

record could provide valuable new climateeffect, and to trace the flow of eggrwithin

data. Such a system could be implementeand across diérent Earth systems.

using a constellation of 50-100 very small (<2(

kg/20 W) dedicated satellites. These satellitepmeasurement of total electron content along

could be mass produced and launched 8-16 these paths will be assembled into high-

a time on small, inexpensive launch vehicles. Iresolution, 3-D electron distribution maps by

is estimated that the average cost pecomputerized tomography to study irregular

operational satellite, delivered in orbit, wouldand transient mesoscale structures, such as the

be less than $5 million in such a scenario.  equatorial bubbles and the mid-latitude trough.
Study of the ionosphere with GPS signals will

To investigate the practical potential of thelead to a better understanding of

concept, UCAR/UNNXCO is developing a communication problems associated with

system to collect radio occultation data using jonospheric disturbances.

commercial spacecraft and a special GP:

receiver The project, known as GPS/MEiB

being funded by NSFFAA, and NOAA. 4.8 |nstrument Arrays and

Partners in the project include NCAR/MMM,

Orbital Sciences Corporation, Allen OsborneData Networks

Associates, the Jet Propulsion Laborataryd

the University of _Arizona. Data will be yNAVCO scientists are interested in
collected and published on the Internet foicontinuously operating GPS networks in a wide

after launch. applications of GPS, especially GPS
meteorology actually require fixed and
4.7.4 Probing the lonosphere continuously operating networks in order to

achieve useful results. Some of these

The non-neutral part of the Eahatmosphere applications will involve deploying fixed,
affects the GPS signals dispersivelual- continuously running networks for periods as
frequency GPS receivers can therefore providshort as a few months; others (for example
a direct measure of the integrated number cwater vapor climatology) will require very
electrons between the receiver and the satellilong-term deployments.
and thus a direct measure of ionospheri
activity. This very precise measurement oiOther applications, like volcano monitoring,
ionospheric activity can be used in ionospherican be performed in a campaign mode but
science. become far more powerful when implemented
using permanent networks. Most crustal
Precise dual-frequency measurements bmotion projects involving lgre numbers of
ground- and space-based GPS receivers wstations in remote areas are likely to rely

45



predominantly on field campaigns for theactivity—even non-scientific activities such as

foreseeable future, on purely financial groundsDGPS navigation where local government

but nevertheless may benefit considerably bsupport would be useful.

incorporating a small permanent subnetwork

Global tracking has much improved over the )

last few years, but even now there are somo Accomplishments and | deas

areas of the world (e.g. polar areas and th

Pacific Ocean basin) where additional trackin¢At the time of the workshop which formed the

stations would be very valuable. basis for thisreport, numerousindividuals pro-
vided written summaries of their research

: , based on the Global Positioning System. These
The key concept for promoting contlnuouslySummaries are reproduced here to provide a

operating GPS stations is muItipurpose%mple of the great variety of new GPS re-

justification. Another but related concept iSgegrch programs spanning virtually the whole
building up these networks using multiple of the geosciences.

sources of funding. For example NOAA might
be interested in funding permanent stations ¢
some tide gauges in the Pacific. The rationale 5.1 Subsurface Ge()desy
only permanent tracking can average dowi
vertical errors to the point that one can Roger Bilham, University of Colorado
distinguish between absolute and relative se
level change. Meanwhile, DOEARM project  Several categories of geological process are not
might fund several other stations in the regioiwell monitored using surface geodedyor
for the purposes of water vapor climatology example, the surface deformation fields of
The existence of these sites might enable horizontal detachments are indistinguishable
crustal motion researcher to write an NSFrom buried vertical faults. Another
proposal to add a few more permanent statiorcomplication can occur where several thrusts
nearby the DOE and NOAA sites, and end uimay be stacked and intermittently active.
with large network that could support crustalAnother application where interpretation of
motion research. The crustal motion projecsurface geodesy is ambiguous occurs where
might add barometers to its stations so that theseveral parallel faults are active within a plate
could support water vapor studies. One of thboundary An example is the widened velocity
tide gauge sites might send data out daily tfield found where the San Andreas, Calaveras,
SIO, JPL and CODE to support improvedand Hayward faults overlap. It is not possible to
global tracking. distinguish the portion of the subsurface slip
uniquely as a function of depth from the surface
The point is that few applications can justifygeodesy alone.
the construction of Ilge numbers of
continuously tracking GPS stations in a giverThe inherent ambiguity in these measurements
region, but that such a network might comecan be overcome by combining borehole
about by seeking multiple applications ancmetrology and GPS. Advances in borehole
multiple sources of funding and sharing themetrology permit horizontal deviations of a
data. Each é&brt leverages the others! Small borehole to be measured to sub-mm accuracy
interdisciplinary groups of Pls can set upRandom errors of inclinometer measurements
collaborations of this kind, but they will need togrow ask./L where L is the borehole length in
think about configuring each station so that ikm and k is a constant in the range of 0.5 to 1.4.
supports the broadest possible range cVertical measurements using fiber rods
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attached at diérent depths yield mm accuracy vertical gradient of geoid slope. The first
and micron accuracy can be obtained usinapplication is important in regions where
interferometric methods and optic fibers. Aleveling lines are rare, for example, parts of the
combination of vertical and horizontal Himalaya. In these locations, spot verifications
measurements permit 3-D subsurface positiorof geoid slope would be of great value, as
to 1.4 mm accuracy to depths of 2 km. would an investigation of geoid “granularity

The second application, useful in mountain
A corollary of the method is to use boreholes tranges, is to measure the slope of co-geoids at
provide exceptionally stable control pointsdifferent elevations. The gradient of the geoid
even in regions considered unsuited to precisslope provides an indication of gross mass
GPS geodesy: hillslopes, permafrost, andistributions, hitherto accessible only to gravity
sedimentary basins. measurements.

5.2 Measurement of Local 5.3 Precise Airborne Surface
Geoid Slope Altimetry Based on GPS

Roger Bilham, University of Colorado Pos tlonmg

D.D. Blankenship, Institute for Geophysics,

First-order spirit leveling delivers a relative University of Texas

elevation measurement accuracy of approxi
mately 1 mm in 2 km. GPS over similarg g el and V.A. Childers, Lamont-Doherty
distances yields similar accuracies in relative Earth Observatory
ellipsoidal elevations. The dgrence in eleva-
tions measured by these two technique jM.Brozena, Naval Research Laboratory
provides a measure of the slope of a co-geoid
the local elevation of the Earthsurface. At precise surface elevation measurements are
sea-level, the measurement is of geoid slope. crycial to understanding the dynamics and
mass balance of major ice sheets as well as the
A 2-km line of GPS and double-run levelingform of vertical tectonics. As part of an
can be measured in a day by a three-persanterdisciplinary efort to understand the
crew Thus geoid slope data are relatively easinteraction of the \&/st Antarctic ice sheet with
to acquire. The angular accuracy is in the ordethe underlying lithosphere the CASER
of 1 microradian, similar to quality project (Corridor Aerogeophysics of the
measurements of the deviation of the verticalSouthern and Eastern Rossiisect Zone) has
Unlike deviation of the vertical measurementsdeveloped the capability to recover precise
using stellar setting, GPS/leveling combinecmeasurements of the ice surface. This
measurements yield a spatial densification ccapability is a component of a broad spectrum
geoid undulations, and investigations of theaerogeophysical platform which couples
vertical gradient of geoid slope. simultaneous airborne gravitgeromagnetic,
ice-penetrating radar and laser ranging
Two applications are envisaged for geoid slopmeasurements with kinematic GPS
data: verification and spatial densification oipositioning, UHF radio navigation, lasgyro
geoid undulations, and investigations of theinertial navigation and high-resolution pressure
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altimetry. The program has focused on a 97,00basin near Highway 395, the surface is rising at
square kilometer region along the southera rate of about 0.1 m per yeBecause it is so
flank of the Vst Antarctic rift system which active in terms of its seismicity and inflation, a
traverses critical boundaries both in the rifthumber of detailed geodetic surveys have been
system and the ice sheet. carried out in this region in recent years. Thus,
it represents an ideal location to employ a,new
The CASERZ aircraft includes a high- rapid surveying technique that can be validated
resolution surface imaging capability using éagainst the results of earligrut more standard
Holometrix laser altimeteiThis laser altimeter surveys. By combining the elevation data from
has a ranging accuracy of 0.1 m, a footprint oan ATLAS laser altimeter mounted beneath a
about 0.9 m and is capable of up to 1,000 rancT39 aircraft with the highly accurate airplane
observations per second. In general, an averajocations provided by two onboard commercial
of 64 ranges is recorded every 10 m aloniGps receivers, extremely rapid surveys of
track. We have evaluated the quality of the iCEtopographic elevation can, in principle, be

CASERTZ laser altimetry system including the 1993 such an aerial survey was conducted in a
corrections for aircraft attitude and full joint experiment with NASA, UC San Diego,

differential GPS positioning. The ice surfac€i,. ysGSs and LLNL. The flight plan took the
along coincident profiles flown in the samej,qer aitimeter over the region of maximum

field seasz?band app:cozi;fnately 7th apart h‘Euplift near Highway 395. It is hoped that
a mean rence o cm with an rms accuracies in elevation of 5 cm can be

?hea\g?:]'gr; OIT thr g?a:::lr']r;'(;'ﬁg igeesilt‘:‘f:cdécﬁﬁuItimately achieved, besides validating a novel
u urtac technique. The survey results will be used in
have an absolute accuracy of approximatel o . .
05m constrglnlng ge_odynamlcal models of an active
B volcanic  region.  Presenfly Lawrence
Livermore National Laboratory is using finite
element models that can utilize this type of data

to better understand the nature of magma

5.4 Airborne Geophysical injection beneath the caldera.
Observations of Long Valley | o | |
Caldera Possible future applications of this technique

include rapid aerial survey of suspected

C.R. Carrigan, Lawrence Livermore National undeground nuclear test sites as part of an on-

Laboratory site inspection program intended to verify that
the conditions of a nuclear treaty are being
J.B. Rundle, University of Colorado observed by its signators. Such a wide-area

survey approach could be used to pre-select
The Long \lley Caldera is a 640 cubic much smaller areas using topographic
kilometer basin formed from the collapse of thesignatures  associated with  ungi@und
crust over a magma chamber that violentiydetonations. The candidate sites would then be
erupted its contents some 700,000 years befosubjected to detailed surface studies—e.g.,
the present. Both seismic and geodetic daiseismic aftershock observations and detection
suggest that the chamber underlying the basof noble gas transport—by a ground team to
may currently be refilling with a fresh clgerof  determine both the occurrence and nature of a
magma. At the point of maximum uplift in the suspected undground event.
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5.5 GPS Measurement Of Susan Kornreich Wolf, Michael Heflin, and
. . Frank Webb, Jet Propulsion Laboratory
Relative Motion of the Cocos

and Caribbean Plates and Long \alley Caldera near Mammoth Lakes in
east-central California has experienced

Strain Accumulation Across increased levels of seismic activity and surface
. . deformation associated with inflation of a
the Middle America Trench shallow crustal magma chamber since 1978.
Inflation is concentrated in the vicinity of a
Timothy H. Dixon, University of Miami central resigent dome. W use VLBI and SLR
data from the western U.S. to constrain the
GPS measurements in 1988 and 1991 on Coclegional tectonic setting of Longalley, and
Island (Cocos plate), San Andres IslancVLBl and GPS between Owensaley Radio
(Caribbean plate), and Liberia (CaribbearObservatory (OVRO) and sites near
plate, mainland Costa Rica) provide ar(Mammoth)oron (CASA) the reggent dome
estimate of relative motion between the Cocol© investigate local volcanic strain.
and Caribbean plates. The data for Cocos ar
San Andres Islands, both located more than 4COVRO has significant (#D.5 mm/yr) north-
km from the Middle America fench, define a northwest motion with respect to stable North
velocity that is equivalent within two standardAmerica, suggesting that OVRO, Mammoth,
errors (7 mm/yr rate, 5 degrees azimuth) to thand CASA all lie west of the'E'astern pallfornla
NUVEL-l plate motion model. The data for Shear Zone. &ftical velocities defined by
Liberia, 120 km from the trench, define aMammoth VLBI data (1983-1986) and early
velocity that is similar in azimuth but CASA GPS data (1985-1988) have gear

substantially dferent in rate from NUVEL-l, Uncertainties (1 errors agd4.7 andt5.3 mm/

The discrepancy can be explained with &% '€SPectively), but suggest no significant
simple model of elastic strain accumulationuPlift relative to OVRO, consistent with other

with a subduction zone that is locked to E\?glsczrr:/i?:gcl)lcsciuietsggggjtilr:]gconigsst GWPaSS datg
relatively shallow (285 km) depth. for CASA for the period 1988—-1992 indicate
uplift at of 24.4 mml/yr +2.8 mm/yr and
southward motion at 3H0.4 mm/yr relative to
OVRO, agreeing with the leveling and two-

5.6 Constraintson color laser geodimeter data  within
uncertainties. This motion is expected for a site

Deformation of the Resurgent  on the south flank of an inflating dome. The

GPS data are also consistent with the rate of
Dome, Long Va”ey Cal dera’ deformation observed in geodimeter data after

California from Space mid-1989, but are too sparse to define the strain
Geodew event independently

_ _ _ _ While available space geodetic data provide
Timothy H. Dixon, Frederic Farina, and useful constraints on contemporary

Stefano RobaudgUniversity of Miami deformation in Long ¥lley, the number of sites
is insuficient to define the regional tectonic or
Mar cus Bursik, Sate University of New York  local volcanic strain fields, and the observation
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frequency of roughly once per year at CASA i<GPS tracking stations. A configuration of three
too low to define the time-varying signal Rogue receivers has now been operating
associated with volcanic deformation. Thecontinuously since August 1992. The fourth is
changing observation conditions characterizinischeduled to come on-line by October 1993.
these intermittent experiments have alsDual-frequency pseudorange, and phase data,
contributed to systematic errofhe advent of sampled at 30-second intervals, are collected
permanent GPS tracking networks, thedaily by an automated process running on a Sun
declining costs of GPS receivers, and the neeworkstation. Quality checks are performed
to improve accuracy and avoid temporalautomatically by programs which generate
aliasing suggest that continuous monitoring Ostatistical summaries and plots of the pastslay’
Long \alley with several GPS sites is bothgata for each site. Baseline analysis is carried
feasible and desirable. out using precise ephemerides provided by the
Geodetic Survey of Canada. Results from the
past year of data show a repeatability of 3to 5
mm for baseline lengths of 300 and 600 km

5.7 GPS Monitoring of respectively This order of precision will allow
Crustal Strain in Southwest comprehensive monitoring of crustal strain on

Canadas west coast.
British Columbia with the
Western Canada Deformation

Array. 5.8 GPS Used to Monitor
H. Dragert and X. Chen, Geological Survey Ground Movements at
of Canada

Augustine Volcano, Alaska
J. Kouba, Geodetic Survey of Canada
) Daniel Dzurisin, U.S Geological Survey
Contemporary crustal deformation has bee!
monitored across the northern part of the
Cascadia subduction zone since 19g1in June 1992, the USGSolano Hazards

Measurements of accumulating horizontaProgram installed a  permanent, radio-
strain have been obtained through repeatet9|emetered GPS network to monitor ground
laserranging, GPS surveys, or both of fivedeformation associated with future eruptions of

geodetic control networks established inAugustine ‘lcano, Cook Inlet, Alaska.
various locations on afcouver Island. Augustine is the most active volcano in Cook

Although sheastrain rates ranging from 0.05 Inlet, as exemplified by eruptions in 1935,
to 0.23 ppm per year have been resolved, the1963, 1976, and 1986. The island volcano has
estimates are spatially and temporally isolaten0 permanent residents, but airborne ash from
since they lack a continuous common fiduciafuture eruptions could threaten air frafand a
framework that has a precision commensuratlandslide-generated sea wave could threaten
with the internal survey precisions of thethe coastal city of Homeihe Augustine GPS
individual networks. ® address this problem, project is a cooperative feft between the
the Geological Survey and the Geodetic SurveCascades &lcano Observatory @nhcouver

of Canada are cooperating in establishing Washington) and the Alaska olMano
continuous automated network of four regionaObservatory (Anchorage/Fairbanks, Alaska).
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The current USGS network consists of thredn a related dbrt, we are exploring the possi-
Ashtech LD-XII dual-frequengycarrierphase bility of monitoring restless volcanoes using
GPS receivers: one at the base of the volcarrelatively  inexpensive,  single-frequency
near the eastern shore of the island, one on tireceivers such as the Motorola SixGun
upper north flank, and one on the 1986 lavi(approximate price = $3000). During prelimi-
dome near the 1250 m summit. The rglaore nary tests, we processed SixGun data with
station is held fixed for data processing; disAshtech software and obtained several centi-
tances to the other stations are approximatemeter repeatability over baselines of 3 km and
4.5 km and 4.8 km. Thirty-second epoch dat8 km. Our goal is to design a field-reaggrta-
are transmitted at 300 baud via VHF radio to able, telemetered station capable 1 cm
IBM compatible PC in HomeB0 km awayA horizontal repeatability and3 cm vertical
second PC in Homer is networked to the firstrepeatability over baselines up to 5 km, for a
enabling users to download data via standarhardware cost of about $5000/station. Such
dial-up telephone lines. instruments could be rapidly deployed during
volcano emagencies together with portable
seismic stations and electronic tiltmeters to
provide real-time monitoring data in support of
hazards assessments and eruption forecasts.
Additional tests are planned for 1994.

Five 18-watt solar panels clgang eight 12-
volt 90 amp-hour batteries provide power a
each field site. Because this is notfisignt
power to operate the GPS receivers
continuously (power consumptien20 watts),
we control their duty cycle by issuing

commands from the Cascadesoléano .
Observatory through the dial-in computer in 5.9 Useof Airborne

Homer These commands are radio-transmitte: Ki nemati c GPS and L aser
to the field sites, where a low-power controller

receives and executes the commands to turn t| Alti me‘tfy fOf Determi ni ng

receivers on and bfDuring the first year of Volume Changes Of Mountal N
operation, the receivers were turned on for 2

hour sessions once per week. Ice accumulatic Glaciers

on solar panels and filggass antenna housings _

resulted in data loss for several months durinK- Echelmeyer, W. Harrison and C. Larsen,
the winter Modifications to the stations were University of Alaska

made in July 1993 in an attempt to mitigate thi

problem. Mountain glaciers are sensitive indicators of

climate change. In addition, it is believed that
the mountain glaciers of Alaska and Canada
The Augustine GPS data are processed at tlplay an important role in changes of sea level.
Cascades dicano Observatory by an IBM The key parameter characterizing thieets of
compatible 486 PC using Ashtech softwarethe glaciers on sea level and their response to a
Processing requires only minimal user changing climate is glacier volume.
intervention. The time required to download

and process 2 hours of data is approximately 4In the past, changes in glacier volume have
minutes. Repeatability during the first year olbeen  measured using repeat aerial
operation (excluding datafatted by antenna photogrammetry or terrestrial surveying. Both
icing) was+5 mm north#8 mm east, and35 of these methods were expensive and time
mm up. consuming, and therefore existing data on
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volume changes of glaciers throughout thedn order to repeat profiles in the future using the
world is very limited. Vith the advent of lasersystem, say on ayearly or 5-year basis, the
compact laser systems and GPS positioning aircraft must have the capability of real-time
has become possible to monitor changes inavigation which allows the given ground track
glaciers from small aircraft. to be repeated within5 to 10 meters. For such
navigation we have utilized real-time
. . differentially corrected GPS in which the
We have. .developed a .Ilghtwelght, COMPAC 4 raction factors are broadcast from a fixed
laser profiling system which can be mounted ity g6 station over a radio modem. The airborne

a small single engine aircraft which is capabl¢gcejver then uses these correction factors to
of flying at low speed over the winding surfaceguide the pilot through a series of waypoints
of a mountain glacierThis system provides along the transect.

highly accurate elevation profiles of glaciers in

mountainous terrain. Aircraft positioning at the, date, several profiles have been done on
decimeter level is provided by continuousyaciers in various climatic regions of Alaska.
kinematic GPS. Dual-frequency data ispreliminary results indicate that there has been
recorded for the entire flight, plus staticsubstantial thinning of the measured glaciers in
initialization periods at the beginning and encArctic and interior Alaska, while the signature
of each flight. Post processing of the GPS dalof volume change is variable in the coastal
then gives the position of the aircraft relative tcregions.

a fixed base station as a function of time

During the flight the laser range above the ic

surface and the gyro-determined attitude

(pointing angles) of the laser are measure 510 Useof GPS Technology
continuously Both of these data sets are giver . .

GPS time tags. All the data are then combine in Glaciol ogy

to give a profile of surface elevation for the

glacier along a given transect. Comparisor Keith Echelmeyer, University of Alaska

with previous profiles or with existing

topographic maps then gives an estimate (The study of the dynamics of ice sheets and
volume change. mountain glaciers requires the determination of

ice velocity strain rates, thickening or thinning
o i (mass balance), and ice thickness. Since 1989
Results to date indicate that the profiles ary,a have been applying GPS surveying methods

accurate to 10 to 50 cm, depending on baseliry, these measurements. Examples of this work
length, ionospheric activiyaltitude above the jnclude:

ice surface, and surface slope. This is an ords

of magnitude or more better than aeriajy velocity and strain rate determination using
photogrammetry The major source of eror siatic dual-frequency GPS positioning over
and the most time consuming aspect of the finie|atively long baselines (50 to 500 km) in
profile, is the kinematic GPS data processintGreenland, Alaska, and Antarctica. Speeds we
Improvements in  on-the-fly  ambiguity have determined range from 2 m/yr on thesv
resolution and receiver tracking abilities will Antarctic ice sheet, to 20 to 500 m/yr in Alaska
lead to a reduction in both the overall erroi(e.g., Ruth, Wst Fork, Black Rapids, Gulkana,
budget and the time involved in producing eand McCall glaciers) and &gt Antarctic ice
final profile. streams (ice stream B), and up to 7000 m/yr on
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Jakobshavns Isbrae in Greenland. The length region, and departures from existing models
the baselines to fixed bedrock requires duawere lager due to the lge mass of Mt.
frequency processing at the 1 to 10 ppm levelMcKinley which dominates the region.

2) Stop-and-go and continuous kinematic GP:
measurement of surface elevation and mappir
of terminus position. A GPS receiver is 511 Solar Hygrometer for
transported on foot, skis, or snow machine )
along the surface of a glacier or around the GPS Fied Use
terminus. Comparison  with existing
topographic maps and optically surveyecHenry F. Fliegel, The Aerospace Corporation
transects then allows us to determine hov
glaciers in diferent regions have been Three methods are in common use by which to
changing over the past few decade® Ndve calibrate the déct of atmospheric water vapor
performed such studies on McCall Glacier indelay on geodetic field measurements for GPS:
Arctic Alaska, Gulkana and Black Rapids(1) surface weather data models, based on
glaciers in interior Alaska, and on g|aCierStemperature and relative humidity on the
flowing off of Mt. Wrangell, a south-central ground; (2) statistical modeling, in which the
Alaskan volcano. GPS data itself is used to provide an estimate of
the delay as a stochastic variable, and (3) water
3) Differentially corrected GPS for positioning vapor radiometryThese three methods are not
seismic and ice radar transects. In order tsuitable for all applications, since method (l) is
determine the depth of glaciers we employ botinot accurate, method (2) requires a long span of
seismic and monopulse radar techniquesdata under stable conditions, and method (3) is
Positioning of the measurement systems anexpensive. The solar hygrometemhich
along-transect surface topography is needed estimates total water vapor content in the line
accurately determine ice depth, especially in of sight from absorption bands in the visual or
deep, narrow valleyWe utilize post-processed near infrared spectrum, is a logical candidate
differentially corrected GPS to obtain locationsfor a calibration instrument midway in cost and
at the 2- to 5-meter level or stop-and-gcaccuracy between methods (I) and (3). Until
kinematic to obtain positions at the centimetenow, two strong objections to the solar
level. hygrometer have been that (i) it must be
pointed at the sun, and therefore cannot be used
4) Control networks around glaciers for use irat night nor aimed toward a GPS satellite, and
optical surveying. W routinely use static GPS (ii) it cannot be used in cloudy weath@&wo
to carry geodetic control into a glacier becausdevelopments are worth exploring.
high-order benchmarks do not usually exist ir

glaciated regions. One ppm accuracy igl) There is a moderately strong water vapor
required. absorption band at about 7000 A, and also a
complex of features in the blue visual spectrum
5) Geoid determination in areas of high(the so-called “rain bands”). Although these
mountainous relief. Using concurrent GPS andfeatures are shallow and sloppy compared to
optical surveying we have determined thethe classic band at 9350 A, they are accessible
height of the geoid in relation to the ellipsoid into standard photomultipliers, which have great
Denali National Park. Accurate geoidsensitivity Then a properly designed
information did not previously exist in this hygrometer can be aimed at stars by night and
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at the blue sky by daince the half height of body; (C) the apogee engine; and (D) the
the Rayleigh scattering component of themultilayered insulation (MLI) on the SV body
atmosphere is more than 5 kilometers, and thil conclude that water vapor from contributor D,
of water vapor 1 kilometer or less, the blue skithe SV insulation, is the most likely primary
used with suitable corrections is almost as goosource of the outgassing suspected to be
a background for estimation of total waterresponsible for the anomalous initial
vapor content as the sun. acceleration.

(I A sufficiently sensitive instrument can be
aimed at Polaris, which is now only about 0.7

degrees from the north celestial pole, anc 513 Sub-Dain Earth
operated day and night. A diaphragm cat

screen out most of the skylight, and the restca Rotation During Epoch’92
be filtered out. Using a clock drive, almost all

background light can be excluded, since thi from GPS
diaphragm can be made very small, and sinc
sky light 90 degrees from the sun is strongly
polarized.

A. P. Freedman, R. W. Ibanez-Meier, S. M.
Lichten, and J. O. Dickey, Jet Propulsion
Laboratory

Thomas Herring, Massachusetts I nstitute of
Technology

5.12 Non-Equilibrium Forces _ _ _
Earth rotation data were obtained using GPS

on GPS Satellites techniques during the Epoch’92 campaign in
the summer of 1992. About 10 days of data
Henry F. Fliegel, The Aerospace Corporation  were acquired during the last week of July and
first week of August from 25 globally

Two anomalies in GPS space vehicle (SVdistributed stations and a constellation of 17
accelerations are manifested in the first fevGPS satellites. These data were processed to
months of operation or during eclipse,estimate corrections to a nominal UT1 series at
especially during the first eclipse season afte30-minute intervals using several strategies.
launch. (I) Thenitial acceleratioraway from Earth orientation data during Epoch’92 were
the sun of an SV recently placed in orbit isalso obtained by several VLBI groups, and
about 6% higher than the final value, and thewere processed together to vyield VLBI
declines exponentially by a factor of e abouestimates of UT1 at several time resolutions.
every 18 weeks. It finally convgegs to within One can see that the high-frequency behavior
about 2% of the value predicted by the IERSf both data sets is similaalthough drifts
adopted T20 model. (2) It then exhibits abetween the two series of ~0.1 ms over 24
residual accelerationhistory of about +2% days are evident. The diurnal and semidiurnal
around the mean value, roughly in phase witlvariations of both series aredaty attributable
the eclipse seasons. | conjecture that thto changesin UT1 induced by non-equilibrium
materials of the SV are outgassing. Theocean tides, and are probablyfeated by
integrated impulse for Block Il S¥’'ranges diurnal atmospheric variations alsoiddlly
from 20 to 75 kilogram meters/ second. Fouinduced UT1 from both theoretical tide models
contributors were examined as possible sourceand empirical (VLBI) measurements over
of outgassing: (A) the solar panels; (B) the S\many years were compared with the GPS and
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VLBI series. In addition, estimates of observed and AAM-induced series, and as
atmospheric angular momentum (AAM) at 6-much as 74% of the variance of the observed
hour intervals generated by severaseries can be explained by the AAM-induced
meteorological centers have been compareseries. It is therefore concluded that

with the geodetic data. These comparisonatmospheric wind and pressure fluctuations are
indicate that much of the GPS signal in thelargely responsible for the polar motions

diurnal and semidiurnal bands can be attributeobserved to have occurred during the GIG'91
to known physical processes. At both longemeasurement campaign.

and shorter periods, the GPS results may t

affected by systematic fefcts such as

unmodeled orbit or other errors.

5.15 Large Scale
Combination of GPS and

5.14 Atmospheric Excitation VLBI Data
Of Rapld POI ar Motions Thomas Herring, Massachusetts I nstitute of
Measured by GPS Technology
Richard S. Grossand UIf J. Lindqwister, Jet ~ In recent years lge volumes of both GPS and
Propulsion Laboratory VLBI data have been collected and analyzed.

In our research we have been developing
Daily polar motion values determined frommethods for combining these two data sets
observations taken during the GIG'91 GP<together to produce velocity fields and to study
measurement campaign conducted durinthe non-steady state motions of the sites
January 22, 1991 to February 13, 1991 arobserved using these two systems. The
compared to twice-a-day polar motionsformulation we use for these combinations is
induced by atmospheric angular momentunbased on the Kalman filtéFhe basic inputs for
(AAM) excitation functions from the Japan these combinations are solutions from GPS and
Meteorological Agency (JMA). AAM-induced VLBI data analyses in which all of the site
polar motion series are formed from just thepositions, satellite  orbital  elements,
wind term, just the pressure term (with ancextragalatic radio source positions and a variety
without assuming the inverted barometeiof tidal and Earth rotation parameters
approximation for the response of the oceans i(currently only the VLBI analyses) are loosely
surface atmospheric pressure changes), as wconstrained. These loose constrained solutions
as from their sum in order to study the relativecan be combined with additional constraints
importance of these terms in exciting polaiapplied using the Kalman filter formulation.
motions. It is found that the wind and pressurt
terms are of comparable importance to excitiniThe unique aspects of our implementation of
the observed polar motions during this periodthese combination analyses are several fold.
and that somewhat greater agreement with tFWithin the GPS data analysis, we have the
observations are obtained when using thability to “bias fix” using a constrained GPS
pressure term computed under the invertesolution and then to remove the constraints
barometer approximation.rdating the polar while maintaining the fixed biases. This
motion series as complex valued, correlationprocedure overcomes the problems of
as high as 0.88 are obtained between thinstabilities in the bias fixing algorithms if the
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solution is unconstrained when biases are fixe(The typical fashion in which these features are
Some other features of the combination systelused is to first combined the results from
that we use include: individual sessions within a GPS campaign
lasting for several days to weeks. In this
(1) The ability to combine all station combination, satellite orbits may be integrated
information to produce position and velocityfor several days and treated as either
solutions while not heavily constraining anydeterministic or stochastic parameters. Each of
parameters in the analysis. In a post processirthe field experiments are combined in this
step, we are then able to constrain thfashion, and then in later processing only the
adjustments so selected parameters are tcombined analyses are usec Witen will then
same, to force specified parameters to their combine multi-year GPS data into a single
priori values, or both. The former of these stepanalysis. In this case, station velocities will be
allows specification of survey ties betweerestimated and often variations in Earth rotation
monuments without constraining the locationparameters are also included. A similar
of the ensemble of sites and to ensure th:combination can made for the VLBI data set
monuments in the same area move with thand GPS data sets such as the global tracking
same velocity without constraining the value ofnetwork.
the velocity More importantly as each
constraint is applied we evaluate the change iA resultant velocity field in California was
x2 due to the imposition of the constraint ancobtained. This analysis uses 1,452 VLBI
thus we are able to test the consistency betweexperiments with 738,470 group delay
the parameter estimates and the constraints. measurements included and 263 GPS days of
data with 5,437,265 double fhfence
(2) As the Kalman filter is incremented with ionospheric-delay free carriphase
each new set of data, the changednlue to the measurements. In all, the positions and
addition of the new set is evaluated and can kvelocities of 252 stations were estimated. One
checked for consistency between the currerof the interesting features is that only the VLBI
data set and the accumulated results from gvelocity field information was needed to obtain
previous data sets. Thg2 increments are an accurate GPS velocity field in California. In
rigorously computed using the completethe standard velocity analysis, no VLBI
covariance matrix and thus fully account forpositional information was needed, and thus
correlations and possible rank deficiencies ipossible problems with tying between the
the analysis. By selection of parameters to bVLBI and GPS reference points avoided.
estimated, and the methods used to eliminai
unwanted parameters in the data sets, we ci
partition the increments g2 between satellite

orbits, regional stations, and global tracking 516 Antarctic Search for
stations, thus allowing the origin of ¢gr X2 )

increments to be isolated. Meteorites (ANSMET) Project

(3) The full solution and covariance matrix  Ralph Harvey, Bill Cassidy, and John

from an analysis can be saved and then lat Schutt, University of Pittsburgh
combined other data sets which themselve

may be combinations. The advantage of thiANSMET (the Antarctic Search for
capability is that it reduces considerably theMeteorites) has conducted field research in
time required to combine all data set togethe Antarctica since 1976 on a yearly based. In

56



general our work consists of detailed smallGPS base station capable of autonomous
scale searches for meteorites on remote blusatellite logging (something like an ASHTEC
ice areas of the East Antarctic ice sheet, whicRanger). Acquisition of such a unit would have
are recovered and returned to the U.S. fca dramatic déct on our field work. Wth an
distribution to interested scientists throughouautonomous data logger left running back in
the world. One important facet of our researclcamp, we would have the ability to survey
is our continuing dbrts at understanding how meteorite locations immediately when they are
meteorite concentrations develop in Antarcticafound and collected, eliminating a second trip
This involves detailed, fine scale mapping otto the meteorite and reducing the amount of
the areas where the meteorites are found, andtime currently required for each meteorite in
longer term studies of regional ice movemenhalf. Ultimately we hope to use more sensitive
and history During the early years of the base stations to directly measure small-scale
project, meteorite locations and surroundingmovement of the meteorite icefields.

bedrock and glacial features were surveye

using theodolite and EDM techniques. The

slowness of these techniques and the hare

weather of Antarctica made thesefoefs :

laborious to set up and fidult to complete. In 5.17 Landslide Hazard and
addition, it required that each meteorite be GPS

visited twice: once, when initially located, and

again when surveyed in from an establishe: M .E. Jackson, P. Bodin, and E. Nd,

base station. University of Colorado

During the past three seasons we have bes W. Savage, U.S. Geological Survey
experimenting with GPS as a way of replacin¢

our antiquated methods for surveying meteoritGPS has been used to map the horizontal
locations. Ve are equipped with four Magellan velocity field of a rapidly moving earthflow to
5000 handheld GPS receivers, which we use ia greater spatial and temporal resolution than
differential mode from established baseavailable with conventional survey methods.
stations to survey meteorite locations. ThesOur work suggests that the most active portion
instruments are limited to the use of carrielof the Slumgullion slide is moving at 1.5 cm/
wave signal onlyand cannot autonomously log day and a portion of the slide assumed to be
all visible satellites. Thus our accuracy remaindnactive may be moving at 3 mm/day

relatively limited (perhaps 10 meters at best)

and we still must dedicate special days t(The Slumgullion earthflow in the San Juan
surveying, when one field party member musMountains of southwestern Colorado, has been
remain in camp, logging a subset of themoving almost continuously for the last 300
available satellites and relaying those satellityears. The slide consists of an inraative flow
designations by radio to the remote units. T nestled within an inactive older slide. The old
date, the use of GPS has improved our ability tslide dammed the Lake Fork of the Gunnison
survey meteorite locations by giving us all-River approximately 700 yrs b.p. resulting in
weather capability and improving our range (tcthe ponding of Lake San Cristobaladitional

the limit of handheld radio communications).control surveys initiated over the last 20 years
Our immediate goal for continued exploitationsuggest that the upper portion of the active slide
of GPS technology is to acquire (either on loatis moving at average velocities of ~0.5 cm/day
or by direct purchase) a low-end carrier phasthe middle or most active portion is moving at
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1.6 cm/daywhile the lower toe of the slide is the community built on slide material down
moving at 0.4 cm/day The Slumgullion valley may be at greater risk than was once
landslide poses a significant risk to a smalthought.

resort community along the shore of Lake Sal
Cristobal because houses are built on old slid
material and the town is directly downslope
from the rapidly moving younger slide.

5.18 Crustal Deformation at

The GPS survey was initiated in June, 1993 t Conver gent Plate Boundaries
determine (1) if satellite geodesy could be use

to rapidly map the slide velocity field, (2) the
spatial and temporal distribution of velogity
and (3) if the inactive slide is moving relative to
a stable benchmark wellfdghe slide. A total of Global plate motion models describe the
7 GPS stations (baselines <5 km) werdelative motion of the major tectonic plates
installed, 5 on the active slide, 1 on the inactiv@veraged over the last few million years. These
slide, and 1 on the stable portion of the slid¢models are based primarily on data from
headscarp. Station benchmarks consist of 1 divergent and transcurrent ngams, as the
sections of capped steel pipe driven flush witjorientations of trench slip vectors tend to be
the surface. These benchmarks probably havesystematically biased whenever the plate
long term stability of 3 cm which is negligible convegence is oblique. The direction of slip in
given the rapid velocities encountered on thirench earthquakes tends to be between the
slide. Relative coordinates for the networkdirection of plate motion and the normal to the
were carried from the Pietown fiducial trackingtrench, suggesting active deformation within
site in northern New Mexico to a precision of 3,the overriding plate. The congemt boundary
3.5, and 10 cm in the north, east, and ugZone between the Nazca, Caribbean, and South
components, respectivelyfEach station was American plates is particularly complex with
measured for at least two 4—6 hr sessions witactive seismicity and deformation occurring
most stations being occupied for four 4p6 hover a broad area.

sessions. The baseline between station SE

and GPO1, located on the fastest movingn January 1988, scientists from over 25

portion of the active slide, was measured fogrganizations in 13 countries established the
nine consecutive 4-6 hour sessions. CASA (Central and South America) network,

the first major GPS network to measure crustal
The 1.5-1.2 cm/day velocities measured bdeformations in the northern Andes and the
GPS relative to a station on the inactive slidewestern Caribbean. The CASA 1988
are similar to those estimated from traditionaexperiment was the first civilian feft
survey techniques and long-term creep studieimplementing a global GPS satellite tracking
but were acquired in a fraction of the time.network. The repeatability of long baselines
Moreover on short time scales the GPS dat{400-1000 km) was improved by up to a factor
suggest the station velocities are constanof two on the horizontal vector baseline
Although the spatial and temporal distributioncomponents by using tracking stations in the
of measurements are limited, it appears thPacific and Europe to supplement stations in
inactive slide may be moving at ~2.5 mm/dayNorth America. The results encouraged the
relative to a stable station on the slideestablishment of a permanent civilian global
headscarp. If the older slide is indeed movingtracking network in 1991.

James K ellogg, University of South Carolina

58



Repeat measurements of the CASA network iScientific RationaleThe principal limitation of
1990 and 1991 have confirmed global plat¢past satellite altimetry missions to study ocean
motion model predictions of rapid subductioncirculation has been the error in determining
at the middle America (76 mm/yr), Ecuador (71the geocentric radial position of the altimeter
mm/yr), and Columbia (54 mm/yr) trenches.which was provided by POD with tracking data
However intriguing diferences occur between from ground-based Doppler or laser ranging
the measurements and the global models at tisystems (SLR). The best SeaSat orbits, for
95% confidence level. The northern Andearexamp|e’ had a radial accuracy of about 40 cm
maigin appears to be shearing northeastwaryms. Although that can sfide for regional and
relative to stable South America. Preliminarygcean variability studies, for global circulation
results also suggest Caribbean—North Andeag radial accuracy of 10 cm or better is needed.
convegence and an independent North NazcTq reach 10 cm, theQPEX/Poseidon Project

oceanic plate. Perhaps the most surprising (ajsed its planned orbit altitude from 800 to
all, the CASA results suggest the existence of 1336 km reducing drag and gravity

rigid Panama-Costa Rican Microplate that isyeryrhations, and selected two operational

moving northward relative to the stablepiise tracking instruments—SLR and the

Caribbean plate and colliding with the northerrCNES-sponsored DORIS Doppler system. It

Andes. Planned addltlonalloccupatlons of th'also supported extensive development of the

CASA GPS r]etwo_rk W!”. help resolve ground segments of those tracking systems,

questions of active slip positioning at complexand of spacecraft dynamic models. The project

convegent magins. also chose to carry a GPS flight receiver as an
experiment and to support the implementation
of a global tracking network.

5.19 The GPS Flight The GPS facking System. The GPS
Experiment on Topex/ experiment on  DOPEX/Poseidon was
) conceived in the early 1980s by a group at JPL
Poseidon seeking alternatives to conventional Doppler
and SLR tracking. The motivation was simple:
William G. Melbourne, Jet Populsion with the high precision of altimetryocean
Laboratory science would benefit from centimeter level

orbit accuracies. But traditional POD

TOPEX/Poseidon, a joint NASA/CNES techniques, which depend on precise models of
mission to study ocean circulation bySatellite forces to recover the orbit, are limited
measurement of sea surface topograptgs bPY imperfections in the models, and these
launched on 10 August 1992. After a decade ceffects are exacerbated at lower altitudes. JPL
preparation, the GPS precise orbitturned to geometrical techniques, which are
determination (POD) experiment ofOPEX/ less sensitive to dynamical limitations, and
Poseidon is now yielding definite results. Asoon realized that the enveloping coverage
wide range of orbit consistency and accuracgiven by GPS déred an almost ideal solution.
tests indicate that GPS is routinely providingBy the mid-1980s, a strategy known as reduced
satellite altitude with an rms accuracy of aboudynamic tracking emged that sought to

3 cm. Recent tests indicate better than 5 crcombine the best elements of dynamical and
accuracy in the along-track and cross-tracigeometrical positioning to minimize overall
components. orbit error This technique has been applied to
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TOPEX/Poseidon to yield the above cited POLdrastically lowered to save mission costs
performances. without incurring POD penalties.

The GPS tracking system consists of fou
segments: the GPS constellation, the fligh
receiver a global network of GPS ground 5 20 Use of GPSfor Tethered
receivers, and a central monjtaontrol and . ‘-

processing facilityThe POD strategy requires Satellite Position
continuous tracking of the visible GPS Determination

satellites by ground and flight receivers. Dat:
from all receivers are brought together anc
processed in a grand solution in which the
TOPEX/Poseidon orbit, all GPS orbits,
receiver and transmitter clockieéts, and other
parameters are estimated. Simultaneou
sampling at all receivers (which may be
achieved by later interpolation) eliminates
common errors, such as clock dithering from
GPS selective availabilityn the end, DPEX/
Poseidon position and velocity are determine:
in a reference frame established by key sites i
the global GPS tracking network, known to

Bjorn Johns and George W. Mor genthaler,
University of Colorado

In the late 1990s, tethered satellites may
provide an déctive tool for probing the Eart’
upper atmosphere. RecentMartin Marietta,
Alenia, the Italian Space Agency (ASI), and
NASA completed the design and fabrication of
the first "Bthered Satellite System (TSS-I). A
proposed future Atmospheric ekification
Mission (A/M) could follow TSS-I. While in

. . : an Earth orbit, the space shuttle would reel out
apout 2 c¢m in the Internationalemestrial the sub-satellite up to 120 km toward the Earth
Reference Frame. The accuracy of the GF)into a 90 km x 260 km elliptical orbit. In situ

?atelllte eph(?merld_es and terrestrial refere?cdata collected at these altitudes would be very
rame transformation parameters are als, o aple  in characterizing the lower

significantly improved over cur.rent reSU|tSthermosphere and also for determining sub-
from the ground network by usingOPEX/  c4ialiite aerothermodynamics.
Poseidon flight data.

GPS is considered to be the best system to
The Future. Innovations in data processing determine the position of a tethered satellite
strategies and modeling that are planned fcwith respect to the space shuttle. A relative
implementation over the next year shoulcpositioning simulation was performed applying
improve TOPEX/Poseidon POD accuracies bythe position correction method to post-
a factor of two or three. Although the GPSprocessed experiments, using only C/A code
flight receiver on DPEX/Poseidon has a few correlating receivers. The simulation provided
limitations (it only tracks six satellites simultaneous GPS data overl8km baseline,
concurrently and with a limited field of view), designed to simulate the space shuttle—tethered
it is not unreasonable to expect that a GPsatellite separation.  After  performing
tracking system on future remote sensindifferential corrections, the data was passed
platforms will provide 1 cm orbital accuracies.through a low-pass filter which suppresses the
It is important to note that this accuracy ishigher frequency components of the data. Since
largely insensitive to orbital altitude over thethe tethered satellite dynamics are expected to
range of 200 to 3000 km; thus, the orbitalbe of a low frequencgyigher frequency data is
altitude of future altimetry missions may beprimarily from receiver noise.
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The following 2 errors were obtained: A long-term experiment was conducted using a
hybrid GPS/acoustic system to determine strain

Un-Filtered Filtered rates across the Cascadia subduction zone. In

May—June of 1991, long-lived acoustic tran-

Azimuth (deg) 0.00203 0.000463 sponders were installed on the sea floor on both

Elevation (deg) | 0.00577 0.00124 sides of the Cascadia subduction zone. Mea-

surements from a surface bueguipped with

Range (m) 4.48 1.48

three GPS antennas and a precision acoustic
transducerlocated seafloor reference points in
The above results were obtained usingnble the coordinate frame of land-based GPS receiv-
TANS C/A code correlating receivers. The datéers. These measurements were repeated in
exceeds by a lge magin the minimum Septemberl993, and two additional transpon-
accuracy requirements provided by Martinders were set in place. Periodic measurements
Marietta. Future work is proposed to determineover five to ten years are expected to yield site
the specific receiver type and hardware beswvelocities with sub-cm/year accurasyficient
suited for an actual space based applicatiotto improve estimates of fault locking depth and
and develop a real-time system to determinnet convegence velocity Currently determi-
both position and velocity accuracies. Propenations of these parameters rely on onshore
filtering schemes need to be evaluated, and ttigeodetic measurements and plate motion mod-
environmental éécts on both the receiver andels. This experiment also serves as an
communication link operating at orbital engineering test of the new GPS/acoustic sys-
velocities in the upper atmosphere must btem, and is expected to lead to substantial
addressed. improvements in experiment design and analy-
sis techniques.

5.21 Status of GPS/Acoustic
Measurements of Seafloor
Strain Accumulation Across

the Cascadia Subduction Zone

5.22 GPS in ¥lcanology:
Monitoring of Icelandic
Volcanoes

Freysteinn Sigmundsson, University of
G. H.Purcdl, Jr.and L. E. Young, Jet Iceland
Propulsion Laboratory

Volcanoes in Iceland deform at a rate of up to

F. N. Spiess, D E Boegeman and R. M. several cm per year during repose periods and
L awhead, Scripps Institution of crustal movements on the meter scale occur
Oceanography during eruptions. The deformation reflects
pressure changes in the roots of the volcanoes
H. Dragert, M. Schmidt, G. Jewsbury, that can be caused by a number of processes
Geological Survey of Canada such as: magma movements, heating of magma
from below partial melting of country rock,
M. Lisowski, U. S. Geological Survey and focusing of regional strain near magma
chambers. Deformation monitoring provides
D. C. DeMets, University of Wisconsin important constraints on these and other
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processes occurring at volcanoes. Ththe monitoring of the interplay between local
advantages of GPS over conventional geodet(volcanic, seismic) and regional (plate
techniques are of great importance in volcanboundary) deformation.

monitoring. The simultaneous horizontal anc

vertical control from GPS is important, as both

type of motion are prominent at volcanoes

Adverse weather conditions prevail at many

volcanoes in Iceland and the almost weathe 5.23 GP_S GEOdesy and
independence of GPS facilitates measuremen Seismol ogy

greatly Rugged topography at volcanoes

prevents line-of-sight between many control  Bob Smalley, Memphis Sate University
points that can be measured with GPS but nc

with  a geodimeter Regional GPS An application of combined GPS and
measurements have been conducted in Icelaiseismology is the study of short- to medium-
since 1986 as an international collaborativieerm (days to years), post-seismic deformation.
project. In addition to providing important One area to investigate is any relationship
constraints on plate boundary deformationbetween aftershock activity and a) co-seismic
these measurements have also provideslip on the fault (obtained from seismic data
information on deformation of volcanoes,and, if it exists, geodetic, especially GPS data)
including a recording of magma chambelor b) postseismic deformation in the near field
deflation associated with the 1991 Hekle(principally from GPS geodetic data). A great
eruption in South Iceland. The small number oearthquake on a strike slip fault (length of
GPS points near the Hekla volcano limited theupture zone is typically much er than
information about the  deformation. width) where slip information is available from
Recognizing the need for dense local networksurface rupture and seismology would provide
on volcanoes, the Nordic ol¢anological the simplest and most well-constrained
Institute has now initiated a program to monitor“experiment” of this type.

dense GPS networks on volcanoes in Icelanc

In 1993 five such networks have beeras modern VBB seismometer response (100—
measured, each consisting of 20-30 contrc300 seconds) and GPS response, the time
points with a typical spacing of a few km. Thenecessary to obtain mm accuracy over
networks will be partly or wholly remeasuredrelatively short baselines (now at 300-600
periodically of intervals 1-2 years. Some goakseconds) convge, one can combine a VBB
of the measurements are to: (1) monitoseismometer with a GPS receiversulting in
inflation and deflation of magma chambers anan instrument for installation in the near field
to observe possible precursors to eruptions, ((with an efective frequency response of
search for anomalies for Mogi point sourcefractions of a second to years, at least in the
displacement fields at volcanoes, e.g.horizontal. A combined network of
displacement anomalies associated witlseismometeGPS instruments could obtain
caldera faults or extension across fissurlong records of spatially dense post-seismic
swarms transecting volcanoes, and (3) be abdeformation. Practically development of a
to use GPS data to resolve possiblformal relationship with the IRIS program to
simultaneous magma chamber deflation ancombine GPS and seismic aftershock
dike injection associated with future eruptionsmonitoring eforts would be beneficial to both
in Iceland. The local networks are connected tgroups, both scientifically and logistically (for
the regional GPS network in Iceland, allowingexample, the KSSCAL program is presently
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acquiring GPS receivers to provide a time baswhere there is motion on the order of mm to m
at each site). per day The volcano application is interesting
because the surface deformation can be used to
I_estimate that rate at which magma is moving
within a volcano. Combining this data with
seismic data, which can be used to delimit the
magma chamberone can obtain a better
understanding of the plumbing of volcanoes.
time earthquake warning systems. Both O‘These applications depend on a significant
these applications would depend on a new forrdecrease in the price of GPS receivers. As C_;PS
of real-time diferential that would provide the technology enters the consumer market, prices
positions of all the receivers in the network ins’hOUIOI fall significantly making networks of

real time. This real-time dérential operation Iarge_ number_s of continuously ~operating
would operate in a manner similar to a real'€CEIVErS possible.

time seismic network in that the GPS date

would be collected in a central location anc

processed sfitiently rapidly to be useful for .

real-time response. This depends on certai ~ 5.24 Microplate Versus

components beyond what is usually meant b : S
real-time diferential. First it will require the Continuum Descrlptlons of

use of phase-plus-code receivers and a higl Active Tectonic Deformation
guality, inexpensive communication method to

collect the pseudo-range and phase data in re Wayne Thatcher, U.S. Geological Survey

time at a central location where network

solutions can be automatically processeMWhether deformation on continents is more
rapidly enough that they are useful for theaccurately described by the motions of a few
short-term prediction. The technical questiorsmall rigid plates or by quasi-continuous flow
is: How fast could one unequivocally has important implications for lithospheric
determine that a movement of x cm hadynamics, fault mechanics, and earthquake
occurred on a fault, where x is a threshold fohazard assessment. Actively deforming regions
declaring an event has occurred. For this tof the western U.S., central Asia, Japan, and
work, we would have to be able to detect iNew Zealand show features that agree for both
position change of say 20 cm for a magnitudistyles of movement, but new observations are
6.5 event within one or two seconds. ¢d&r necessary to determine which is most
events would produce Iger slips, but the time appropriate.

for detection, determined by the time for the

seismic waves to arrive at the threateneGeologic, geodetic, seismic and paleomagnetic
population centerwould remain the same. measurements tend to sample complementary
Incorporation of such a GPS component int@spects of the deformation field, so an inte-
the early warning seismic networks being builigrated observation program can utilize the
in several places (SCEC, Japan, amadv@in) strengths of each method and overcome their
would add significant robustness to the everseparate spatial or temporal biases. Provided
declaration process. This technology could alsthe total relative motion across each region is
be applied to the study of deformation ofknown and the distribution of active faults is
volcanoes before eruptions, landslides, slumpwell mapped, determination of fault slip rates
glacier suges, and other geologic phenomenican provide potentially decisive constraints.

Two applications that would benefit from rea
time continuous deformation monitoring are
volcanology specifically assisting in prediction
of eruptions based on the active deformatiol
immediately preceding an eruption, and real
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Reconnaissance geological studies supply us Geoffrey Blewitt and Michael B. Heflin Jet
ful estimates but precise values depend upc Propulsion Laboratory
detailed intensive investigation of individual
sites. Geodetic survey measurements can dettrige gauge measurements only give sea-level
mine the spatial pattern of contemporanyariations relative to the crust, whereas the
movements and extract slip rate informationcyyst itself may be deforming vertically due to
but the sometimes elusiveiets of cyclic elas- yarious factors. If vertical crustal deformation
tic strain buildup and relief must be accounte(s jgnored, then erroneous conclusions may be
for in relating current movements to the long-grawn with regard to the causes and predictions
term deformation pattern. Earthquake catapf glopal sea-level change. Howeyvdr tide
logues can be applied to determine seismigayge measurements werdfisigntly well tied
averaged over Ige regions and are usually ysing space geodetic techniques, sea-level
limited by the inadequate duration of historicalchange would be observed in an absolute sense.
or instrumental seismicity catalogues. Paleoye demonstrate that GPS is an excellent
magnetic determinations of vertical axiScandidate for addressing the geodetic aspects of
rotations provide estimates of‘ block rotationg|ohal sea-level studies by looking at a physical
rates, but are often locally variable and averphenomenon that should have a detectable and
aged over many Ma. calculable dkct on station heights.emporal
variations on the geographic distribution of

Which of the two descriptions of continentalatmospheric surface pressure deforms the
tectonics is more near]y correct depends on tksurface of the Earth at the several millimeter
local rheological stratification of the lithos- level. Starting with daily no-fiducial solutions
phere, especially the strength and thickness ©f the global GPS network, we show a new
the elastic crust relative to the ductile lithos-Mmethod of deriving a time series of individual
phere’ and dynamical models can provid(station he|ghts (an improvement over the more
contrasting forecasts of observable featureusual geodetic baseline analysis). Atmospheric
with testable consequences.ithmih a given loading is modeled using Farrell’Greens
region, earthquake hazard assessment methcrunctions, and using pressure values from the
ology should difer considerably depending on NCAR database on 2.5 grid. A sample plot
whether deformation is concentrated on a fe\aken from “ellowknife, Canada, shows
major faults or distributed widely on many Vertical displacement where both the modeled
equally important structures. and GPS-estimated station heights are
smoothed using a seven-day sliding window
Out of the seven stations investigated spdiar
have decreased rms height distribution after
) calibrating for modeled atmospheric height
5.25 GPS Detects Vertical loading. One of the questions currently under

. investigation is how to model the height
Surface DISp| acements variations of coastal sites (which are important

Caused by Atmospheric for tide-gauge measurements). For coastal
. sites, the crustal response is a function of the
Pressure Loadlng extent of the inverted barometerfesit, in

which the ocean tends to act as a high-pass filter
Tonie vanDam NASA/Goddard Space Flight ~ (t = several days) in transmitting atmospheric
Center pressure to the crust.



5.26 lonospheric Monitoring 5.27 Atmospheric Noisein
Using GPS Airborne Gravimetry

Solheim, Teresa Van Hove, and Randolph

_ _ _ Ware, University Navstar Consortium
GPS satellites provide signals on two

frequencies in order to enable the user tpgps measurements are being widely used in
correct for signal delays due to ionospheriGirborne gravimetry to correct for aircraft
refraction. The dierence in propagation time vertical acceleration errors. Accurate airborne
between the L1 and L2 GPS sigsatode or gravimetry has scientific as well as mineral and
phase contains information on the electrorPetroleum exploration applications. However

content integrated along the signal path. Thivariations in GPS signal delay resulting from

information cannot only be used to observeth‘atmOSphe”C water vaporor wet delay

_ ) introduces apparent accelerations that limit the
total ionospheric electron content, but also t‘accuracy of airborne gravimetrjn order to

detect and study ionospheric disturbances-eyaluate GPS wet delay errare observed wet
e.g., phase scintillations caused by small-scadelay using a water vapor radiometer (WVR)
irregularities in the electron content of theand compared apparent vertical accelerations
ionosphere. These small-scale irregularitieresulting from GPS wet delay to GPS multipath
may have severefetts on radio propagation, 2nd receiver noise.

Precise GPS applications aréeated in such a

way that the continuous satellite tracking is//é operated fimble 4000 SSE 8-channel

frequently interrupted. The resulting Carrierdual-frequency C/A and P-che receivers at
h le sl d 1o be fixed in th both ends of a 10-meter baseline on the roof of
phase cycle slips need to be fixed In the pos, |5horatory in BoulderColorado. Data were
processing. Under disturbed conditions, eacrecorded at 1-second intervals. Each GPS
fixing of a cycle slip requires an increasecantenna was mounted in a dished, I-meter
effort due to the present irregularities.diameter slab of microwave absorbér.5-
Therefore, ionospheric scintillation should bemeter thick. The absorber reduced observed

avoided for precise GPS applications. In orde@rrier multipath amplitude by a factor of two.
to be able to predict and avoid scintillationFOr GPS data analysis we used the Kinematic

. . and Rapid Static Software (KARS) developed
occqrrence, detailed observation and Iong-terrby G. L. Mader at the National Geodetic
studies have to be performed on small-scalgyrvey One-second vertical GPS solutions
irregularities in the ionosphere. Here, GPSwere calculated. Fifty-second filter solutions
plays an important role. Dual-frequency GPSand apparent vertical accelerations calculated
phase measurements allow a detaile@s the second time derivative of the filtered

description of the occurrence of IOhasesolutions were also obtained. The apparent

scintillation. At the Institut fur Erdmessung vertl_cal acceleratlpn res.“'“'.”g from GPS
. . .. multipath and receiver noise is 1.5 mgal rms.
(Institute of Geodesy) of the Universitat

: Multipath clearly dominates. ®\anticipate that

Hannover in HannoverGermany we have the multipath signal can be further reduced by
developed algorithms which enable us to deteq factor of three or more through the use of
phase scintillations in GPS phase data. choke ring antennas, internal suppression in the
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receiver or through mapping and subsequen 5§ 28 Improved GPS Vertical

removal in processing. Sy ;
rveying

We measured zenith wet delay with a

Radiometrics WVR  (manufactured by Chris Alber, Jim Johnson, Christian
Radiometrics Inc., BoulderCO). The WVR Rocken, Fred Solheim, Teresa Van Hove,
observed sky brightness temperatures at 23 and Randolph Ware, University Navstar
and 31.4 GHz and converted them into we Consortium

delay The WVR is calibrated using an ambient

blackbody taget, a noise diode, and a tippingGps signal delay caused by atmospheric water
curve. The sam_pllng interval was one m'nUtevapor or wet delayis a major source of error in
er_ld speed during the WVR observations Wa:high-accuracy vertical GPS  surveying.
typlcally several m./ sec. In or der 10 Seientists at UNWCO have been working to
approximate observations from a flxed-wmgimprove vertical GPS surveying accuratiis

aircraft, we compressed the time scale by K has b q
factor of 24. Assuming a wind speed of 2 m/ser 0Tk Nas been supporte Py grants from the
National Science Foundation and the U.S.

at the WVR sites this approximates an airspee _ i
of 100 mph. Fifty-second filter solutions and®eological ~ Survey UNAVCO  scientists
apparent vertical accelerations calculated as ttecently reported results from a GPS survey
second time derivative of the filtered solutionsusing water vapor radiometers (WVRs) pointed
were obtained. The apparent verticatoward GPS satellites. The WVRs measure
acceleration resulting from variations in WVR-integrated water vapor which can be converted
measured GPS wet delay is 0.5 mgalrms. to wet delay for correction of GPS
observations. Agreement of wet delays
The climate in Colorado is relatively dnyith ~measured by two WVRs separated by 30 m is 3
a typical zenith wet delay of 5 to 15 cm. Inmm rms, indicating the ability to correct for
more humid regions zenith wet delay may be aGPS wet delay at this level of accuragye
large as 40 cm, and the resulting apparertripod-mounted WVRs were designed for use
vertical accelerations resulting from wet delayin GPS surveying, and were loaned by
variability may be lager than the 0.5 mgal seen Radiometrics, Inc., of Boulde€olorado. GPS
in Colorado. If the GPS multipath noise iSreceivers and WVRs collected data at both ends
significantly reduced, GPS wet delay will of 3 50-km baseline from Boulder to Platteville,
become the dominant error source.coIrect  cojorado. \értical repeatability was 2.6 mm
for GPS wet delayV/VRs could be operated at with pointed WVR corrections. Precision was

the GPS ground station and on the_ alrlQomdegraded by a factor of two using Kalman filter
platform. In order to avoid errors resulting from
or least squares methods commonly used to

changes in WVR observation angle aboard th :
aircraft, attitude correction would be required.correCt for wet delayThe pointed WVR results

With a combination of multipath reduction and®'€ More than a factor of three better than
wet delay correction, fixed-wing airborne Previous results. and a factor of two better than
gravimetry may be able to achieve 1 mgaKaIman or least squares results. Improved
resolution over distances of 1 km. Thisvertical GPS surveying has applications in
capability would be valuable for scientific geodesyearthquake studies, volcanologga
research applications, and also for rapid, coslevel measurements, airborne and ground-
effective  exploration for minerals and based gravimetryatmospheric sensing, and
petroleum. GPS orbit determination.
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5.29 Sensingthe Atmosphere
with an Orbiting GPS
Receiver

Mike Exner, Christian Rocken, Bill
Schreiner, Fred Solheim, Chuck Spaur, and
Randolph Ware, University Navstar
Consortium

Mikhail Gorbunov and Sergei Sokolovsky,
Institute of Atmospheric Physics (Russia)

expected. The GPS/MET data set will be made
available for weather climate, and other
research. Currentlyveather forecasting relies
heavily on radiosonde data obtained from 0:00
and 12:00 Z launches from 600 sites. Most of
the sonde data are collected over land in the
northern hemisphere. A single orbiting GPS
receiver can observe 600 longitudinally
distributed soundings per day (latitudinal
distribution depends on orbit inclination). Most
of the GPS soundings will be obtained over
oceans where sonde data are sparse. Improved

weather forecasts over oceans may have value

Ken Hardy, Lockheed for commercial aviation.

Ben Herman, University of Arizona

Tom Meehan and Bill Mebourne, Jet
Propulsion Laboratory

5.30 GPS Sensing of
Atmospheric Water Vapor

The National Science Foundation, the Nationa
Oceanic and Atmospheric Administration, anc
the Federal fiation Administration are jointly
sponsoring the $3 million proof-of concept
GPS/MET program. It is being conducted by
scientists at the University Corporation for
Atmospheric Research (UCAR), UNEO,
the National Center for Atmospheric ResearclGPS signals are delayed by atmospheric water
(NCAR), JPL, and the University of Arizona. vapor This wet delay can be measured using
The goal of the program is to demonstratGPS receivers and analysis software developed
active limb sounding of the atmosphere by aifor high accuracy geodetic surveying.etV
orbiting GPS receivefhe private sector is also delay converts easily into perceptible water
participating in GPS/MET Orbital Sciences vapor (PWV). More widespread PWV data
Corporation is providing launch and spacecrafcould be used to improve precipitation
services under its innovative “data sale’forecasts. Currently weather forecasts are
contractual agreement with UCAR. Allen based on radiosonde data collected twice daily
Osborne Associates’ Inc. is Supportingfrom 600 sites worldwide. Soon, GPS-sensed

development of special receiver equipmenPWV measured by permanent GPS arrays may
needed for GPS sounding. be used to improve weather forecasts.

ChrisAlber, Jim Johnson, Christian
Rocken, Teresa Van Hove, Fred Solheim,
and Randolph Ware, University Navstar
Consortium

Phase shifts in GPS signals transecting thGPS sensing of PWV was recently reported by
atmosphere will be detected by the orbitincscientists at UNXCO in Bouldey Colorado.
GPS receiveiThese data will be converted into UNAVCO is a national facility that assists
vertical refractivity temperature, and humidity university investigators using GPS technology
profiles. One-km vertical resolution from 50 for geosciences research. UXBO scientists
km to the surface, and sub-Kelvin temperaturwere working to improve the vertical accuracy
accuracy in the lower stratosphere arcof GPS high-accuracy geodetic surveying.

67



They found that half-hour GPS and water vapomathematically inverted into stresses and used
radiometer (WVR)-sensed PWV agreed tcin a force budget analysis to describe the
better than 1 mm for several weeks olstresses acting at depth, the objective being to
observations. Portable high-accuracy WVR:wnderstand the flow of the giant anomalous ice
were provided for this experiment by streams. The vertical velocities were used to
Radiometrics, Inc., Boulde€olorado. demonstrate that most of the flow forms
standing waves, presumably associated with
Scientists from UNXCO and North Carolina basal disturbances. Other surface features are
State University are exploring the use of GP{migrating against glacier flgwan astonishing
technology in weather forecasting. In Juneand unexplained result.
1993 they gathered GPS and WVR data fron
NOAA Wind Profiler sites and a Department ofGPS is also being used to determine the rate of
Enegy Atmospheric Radiation Monitoring thickening or thinning of selected sites on the
(ARM) site in Oklahoma and from sites in Antarctic ice sheets. Special considerations
Colorado. Improvement in weather forecastingmust be taken to allow for snow compaction
using GPS-sensed PWV from these sites wiland ordinary glacier motion. The success of the
be explored. Scientists from NOAAForecast method relies on both the long-distance
Systems Laboratory in BouldeZolorado, plan capability and precision of GPS. The results
to collect GPS-sensed PWV data and evaluawill be “fiducial” sites for the calibration and
its use for weather forecasting. They willinterpretation of repeat satellite or aircraft radar
occupy Wnd Profiler and ARM sites in Kansas or laser altimetry
and Oklahoma. UN¥CO scientists have

agreed to cooperate during the implementatio|y the past ice velocities at remote sites were
gnd help analyze the GPS data and convert gyetermined by repeat Doppler satellite
into PWV. tracking. A TRANSIT receiver would track for
24 hours at each site in each of two years. This
Large numbers of high-accuracy GPS receiverentailed 2 aircraft visits each year to deploy and
are now in continuous operation worldwide forrecover the receivePrecision positions could
geodesy surveying, orbit determination, and not be determined after the field season ended.
other applications. Data from most of theseNow we have cut field costs to less than half.
sites could be accessed in near real time via ttgyficient data are acquired with 20 minutes of
Internet or telephone. This presents a,/@8t-  tracking, while the aircraft waits. Moreover
effective opportunity to improve precipitation relative positions can be calculated at the tent
forecasts using GPS sensing of water vapor camp later that dayand problems identified
while there is still an opportunity to repeat the

work.
5.31 GPSin Antarctica The advent of low-noise receivers and full L1
and L2 capability will enable important new
lan Whillans, Ohio State University projects to be undertaken at reasonable cost.

For example: (1) Quick determination of the
The stop-and-go GPS technique was used point mass-balance of the ice sheets. It will
determine horizontal strains and relativeenable the contribution of the current ice sheets
vertical velocities of markers in the eAt to the present-day rise in sea level to be reliably
Antarctic ice sheet with a precision and scopassessed. (2) Determination of the crustal
never achieved before. The strain rates werrebound rate toward isostasy to assess the size
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of the former ice sheets. This will bear on thel mgal gravimetry tracking, requirements are:
role of various ice sheets and the cause of trheight above the geoid to <3 m; lateral velocity
great glaciations. (3) Airborne repeat GPSto 5-30 cm/s; and vertical acceleration to <1
controlled laser altimetry to monitor ice sheeimgal. Initially, GPS was used only to determine
geometry (4) Monitoring the inflation and position and velocitythough more recently it
deflation of volcanoes and other magméas been adopted to recover vertical
chambers (e.g. Rebus). (5) Intracontinenteacceleration as well. raditional phase-based
strain due to plate-tectonic action. (6)GPS analysis techniques have required that
Intracontinental flexure due to changing icephase lock be maintained throughout the flight
load and mantle motion or phase changes. (‘and that all integer cycle phase ambiguities
Search for episodic seafloor spreading rates. (between flight and ground receivers be
Refinement of techniques for ice strain and icresolved.

velocity determination.

While in principle that approach can achieve
position accuracies of a few centimeters (far
better than needed), in practice it has proven

5.32 Fast Techniquefor difficult to meet the conditions required for
success. In the usual analysis technique, the

Computing Precise Aircraft  entire fiight, which may last 6-10 hours, must

Acceeration from GPS Phase be processed as one continuous event. Ideally
the flight receiver would maintain continuous

T. P. Eunuch and C. A. Raymond, Jet lock on all visible GPS satellites, with no cycle
Propulsion Laboratory ’ slips. In practice this is improbable since,
during turns, satellite visibility may be blocked

R. E. Bell, Lamont Doherty Earth Observatory ~ Of lamge bursts of multipath may cause cycle
slips. In addition, if a satellite rises and sets

D. D. Blankenship, University of Texas during the flight its ambiguities may be

unresolvable. If the data set is processed
Experience with GPS in aerogravity surveygindependently in both directions (as if the flight
has revealed two fundamental facts: (1) thhad been flown forward and backward),
aircraft vertical acceleration may be accuratehunflawed processing would yield an identical
extracted from dferential GPS carrier phase trajectory both ways. This in fact is standard
measurements, and (2) the extraction ocheck. In realitybecause of remaining phase
vertical acceleration by traditional GPSbreaks and faulty ambiguity resolution, toward
methods can be costly and time-consumin@nd backward processing give typical altitude
when it relies on algorithms devised for staticdiscrepancies of several meters. The irony is
positioning rather than airborne gravimetrythat data problems that cause those
Here we present a simple and robust technigudiscrepancies almost invariably occur during
which avoids full phase connection andturns or transits, when the data are of no
ambiguity resolution, which are not requiredinterest.
for precise acceleration measurements.

The technique described here processes only
GPS has been widely used in aerogeophysicthe straight segments, each independeintin
surveys. Airborne gravimetry requiresautomatic and almost foolproof procedure. The
moderately accurate position and velocity anresult is a vertical acceleration measurement
highly accurate vertical acceleration. Forthat may actually be more accurate than that
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obtained with current techniqgues—and only awhich translates into a bias of about 0.2 mgal in
few tenths of milligal dfthe ideal. accelerations computed over the interval. This
has been confirmed in limited tests with GPS

Carrier phase is highly precise, but has aflight data collected in Antarctica.

unknown phase bias. Pseudorange is about 1!

times less precise, but is absolute—that is, This technique still requires phase continuity
has no bias. Apart from the bias in carrieiduring the (comparatively short) straight line
phase, the two data types measure the sarflight segments over which the averages are
quantity: the range plus the timdsst between computed. Fortunately phase breaks are
the GPS satellite and the receivehis allows extremely rare under such steady conditions
us to estimate the bias of the phangith the highest quality GPS receivers. By
measurement by comparing phase anavoiding the problematical turns, keeping the
pseudorange measurements made at the sadata segments relatively short, and dispensing
time. Wth phase and pseudorangeWwith troublesome cycle ambiguity resolution,
measurements at one time point, our estimaiprocessing headaches are removed. A program
of the phase bias is just thefdifence between to estimate the bias averages for a full 6-hour
the two and it will have the precision of 1-2 m.flight will execute in a few minutes or less, and
If we have phase and pseudorange at many tinthe procedure can be easily automated with
points, and phase continuity is maintained overobust quality checks. Moreovethere are
the interval so that the bias is common to alfurther computational gains that come from
phase points, then we can estimate the bias |dealing with 20-30 minute data sets, rather
averaging the  phase-minus-pseudorangthan a full 6-hour set. This technique will work
differences over the full interval. This Well with the data from any high-qualjtsual-
effectively slides a phase curve to the mean cfrequency GPS receiver that produces both
the phase of the unbiased pseudorange cunphase and pseudorange data, and thus can be
Note that the phase biases are estimateused to improve results from existing data sets.
separately as real-valued parameters for eac

receiversatellite pair: No dbrt is made to

determine the integarycle ambiguity in the 6 Technol ogy
differenced observables between flight anc_ ) ) .
ground receivers. This section provides some technical back-

ground on the Global Positioning System: how

. _ _ it works, the sources of error, and the accuracy
The typical measurement interval for alrbornerequi rements.

surveys is 1 second, which vyields 120C

measurements in 20 minutes. If the errors on a

measurements were independent, a 20-minu6.1 GPS Methodol ogy

average would reduce the error on the bia

estimate by more than a factor of 30, to a fev )

centimeters. In realitybecause of the low 6.1.1 Introduction

frequency content of the multipath errdine

typical error reduction for a 20-minute averageln this section the various methods, the
is more like a factor of 5 or 10, giving a typicalaccuracy and the applications of GPS
bias error of 20 cm. aking into account techniques are discussed. The discussion
observing geometry (PDOPor position ranges from the applications of static
dilution of precision) this becomes a bias in thepositioning, to dynamic positioning, to
altitude measurement of typically 60-80 cm.applications of the ancillary products that are
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produced in GPS analyses (such as estimatesexistence of P-code can be ignored during this
water vapor delays). The types of GP<Scorrelation at the cost of a slight increase in the
receivers available are also discussed althou¢noise of the measurementitiih this class of
the discussion will concentrate on the high-receivers are navigation receivers and hand-
accuracy applications of GPS. First, the basiheld receivers. The accuracy of the
applications of GPS and the types of receiverpseudorange measurements obtained from this
available are reviewed. class of receiver varies greatlyut is on the
order of 100 m. Whenever four or more

The basic observables of a GPS receiver are tiSatellites are visible, these pseudorange
pseudo-ranges (defined as thefedifnce in Measurements can be used to determine the

time between the transmission and reception (Position of the receiver and the fdifence

a signal as determined by the clocks in thdetween the receiver clock time and GPS time.
satellite and receiver) to the satellites visibleThese time and position determinations are
and optionally the phase of the GPS receivestrongly afected by Selective ‘VAilability
signal relative to a local oscillator phase. This(SA), which primarily is implemented by
latter quantity is often referred to as the carrie dithering” the fundamental oscillator on the
beat phase. The signals from the GPS satellitsatellite by amounts which introduce timing
are transmitted on two frequencies: Li1errors of up to about 0.2 msec (at the current
(1.57542 GHz,A=190 mm) and L2 (1.2276 level of SA). The dects of SA can be removed
GHz, A=244 mm). Wo pseudo-random codes almost totally through the use of fdifential
are written on the L1 signal using p phasdechniques, either by real-time transmission of
changes. These two codes, the C/A (coursfange corrections or by postprocessing data and
acquisition) code and the P (precise) code, aiusing the diference between stations of the
modulated on the carrier signal withfdifent fange measurements.

amplitudes, with the C/A code being the

strongest. The modulation rate for the C/A codThe most accurate applications of GPS use
is 1.023 MHz, i.e., the code may change phasmeasurements of the phase of the reconstructed
at about 1 msec intervals; for the P-code thcarrier (i.e., the carrier signal after the p phase
modulation rate is 10.23 MHz. The C/A codechanges introduced by the codes are removed).
also repeats at about 1 msec intervals where | these accurate applications, the phase and
the P‘COde doeS not I’epeat for a fUH Weekposs|b|y the range at the two frequencies
When the GPS satellites are in Anti-Spoofinttransmitted by GPS are used. Instruments that
(AS) mode, there is an additional modulation 0measure phase come in several varieties. Early
the P-code by the so-called-tdde. The W model geodetic quality GPS receivers (e.g., the
code modulates the P-code at a rate of about 1714100 circa 1980) made phase and range
KHz. Either the C/A code or the P-code (Withmeasurements at both L1 and L2 assuming
W-code modulation when AS is On), but notknow|edge of both the C/A and P codes.
both, are written on the L2 carrier signal.However uncertainty about civilian access to
Nearly always is the P-code written on the Lzthe codes in the future prompted the
channel. development of “code-less” receivers that
could measure phase (or half-cycle phase)
In the simplest of the GPS receivers, only thawithout any knowledge of the codes other than
pseudo-range on the L1 signal is measured kthat the encoding scheme was bi-phase (e.g.,
cross correlating the C/A generated in theMacrometer). These receivers had practical
receiver with the incoming signals. Because olimitations because they could not decode the
the weaker modulation of the P-code on L1, thsatellite ephemeris measurements and could

71



not re-synchronize their clocks because thethe International GPS Service (IGS), which
made no range measurements at all. By thbecame a permanent service in Janub@g4.
mid-1980s it was clear that the access to the (There are currently 45-50 stations around the
A code would not be denied and receivers Wefyworld in continuous operation and these
developed (e.g., MiniMac, rimble SST and
Ashtech 1l) that used the C/A code to make L

collection facilities around the world with a
range and phase measurements and used one

few day lag time. ®eraged over a week or so,
the code-less schemes to make measureme!

of the phase. By the late 1980s it was clear thathe po_smons of t_hese stations are curreptly
determined relative to each other with

it would be some time before access to the F _ o _
code would be denied (ettively by accuracies and precisions of about 10 mm in

superimposing on it the Mbde) and a the horizontal components and 20-30 mm in

resugence of instruments that would use the Pthe vertical component. The continuous
code to measure phase and range at L1 and [collection of data will allow the models used in
appeared. These latter generation instrumenthe GPS analyses to be improved and in all
(e.g., the Rogue,urbo Rogue, fimble SSA, expectation much better results will be
and Ashtech [IP) could revert to codelessobtained in the future and from the existing

tracking of L1 and L2 if AS was turned on. Thedata through reprocessing (see Error Budget
techniques used to recover L2 phase and ranpelow).

were refined in this generation of instrument

Although not on the market yet, instruments o _
that could take advantage of the lowFor many applications the permanent operation

modulation rate of the Wode are now being Of stations is not possible and in these cases,
developed, and these instrumentsfeofa campaign-style GPS occupations are made. In
significant signal-to-noise (SNR) advantage fothis scenario, receivers are located over
L2 measurements over those currenthgeodetic monuments for a relatively short
available. All modern geodetic quality GPSperiod of time (usually 8 hours to several days)
receivers appear to be able to measure phaand then moved to other locations so that a
with an rms error of<1 mm under good SNRmuch greater density of points may be
conditions and range with an rms error Olyneasyred over a campaign lasting for several
betweg:-n Q.05 and 1 m, with most mstrument,days to several weeks. A & number of such
operating in the 0.1-0.2 m range. campaigns have been carried out with many of
them being located in the western United
States, but a lge number also being carried

o out in various regions around the world.
The most accurate applications of GPS to dalgjmilar accuracies are obtained in these

have been those that have used GPS to mon"campaigns as in the permanently deployed

tectonic dgfo_rmatlons and measure Earﬂstations, although since the intersite distances
rotation variations. There are several types ¢ .
are usually much smaller for campaign-style

deployment of receivers used in static h lati b
applications, with the choice dependingmeasurements, the relative accuracy can pe

primarily on accuracy requirements and’€y good and often as low as a few
logistics. The most accurate long-term Gpsmillimeters. For reasons to be discussed in the
results are likely to be obtained frominfrastructure section, these campaign-style
permanent deployment of GPS receivers sucmeasurements are becoming increasingly
as those currently in operation associated witaccurate.

stations report their data to several data

6.1.2 Static Receiver
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6.1.3 GPS Ocean Applications view to the master station. The master station
estimates ionospheric time delay parameters,

GPS oceanographic applications have beePlus the satellite ephemeris and clock errors.
discussed in detail elsewhere in this report. [[TN€S€ corrections are then transmitted to the

this section the accuracy of GPS solutions foUS€r via any convenient communications link.
these ocean applications will be discussec® t€st oOf this concept is scheduled by tAeAF

These applications include ship navigation anfor the U.S., but the concept could be extended
heading, buoy location, monitoring of ice Worldwide with a few master stations and a few

extent and location, and monitoring of theNundred monitor stations. Such a network has

vertical position of tide gauges. Accuracythe pc_)t_ential to pro_vide real_—time ngvig_ation
requirements for ship locations are dependerc@pability for land, ajrand marine applications
on the application. General navigationOf @ few meters worldwide.
requirements can usually be satisfied by
position accuracy of a few tens to a fewShip heading can be determined to better than
hundred of meters. There are applicationone degree by the use of two GPS receivers
where a few meters or better ship position idocated on a few meter baseline. Howeséip
desired. Examples of this are harbor and riveheading accuracy generally will be limited by
navigation, positioning of a ship to determinetheé multipath environment which can vary
seafloor baselines, and ship and buosignificantly depending on antenna location on
positioning to determine the position of ana given ship.
acoustically tracked probe as it descend
through the water column. In this last exampleWhile for most applications vertical errors in
the position history of the probe relative to aship location are not important, there are many
ship and buoy vyields the velocity of oceanbuoy applications where the vertical is the
currents with depth. major component of interest. This includes
measurement of sea surface height for
Achievable position accuracy for ships carmonitoring of sea level, measuring sea surface
vary from a few tens of meters to a few hundreslope to yield gravity vertical deflections at sea
meters for direct application of GPS,for a more accurate marine geoid, or for
depending on whether or not SA is activatedcalibration of satellite altimeter range
Differential GPS can provide ship positions ttmeasurements. Dérential GPS can provide
a few meters or better in a post-processinocean buoy position accuracy of a few
mode even if SA is activated. Befential GPS centimeters to a few meters depending on data
can be used in near real time if a system wertype and the baseline length to the fiducial site.
available to solve for ephemeris and clockFor baseline lengths less than 100 km, and in a
errors for each GPS satellite and broadcast thpost-processing mode, kinematic buoy position
information to the usetide area dierential can be determined to about a centimeter in the
GPS (WADGPS) is a scheme that would allowhorizontal and about two centimeters in the
suitably equipped users to performfeliential  vertical using carrier phase data in deténtial
GPS solutions for their positions in real timemode.
over a much layer region.
Major sources of error for the determination of
The WADGPS network comprises a masterthe vertical are tropospheric refraction,
station, a number of local monitor stations, animultipath, and errors in the vertical position of
a communications link. The local monitor the fiducial station. Path delay errors and errors
stations report data from all GPS spacecraft iin the vertical station location map almost one
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for one into vertical errors in the buoy position.§ 2 AnNCi ||ary Data Output
Tropospheric delay can be handled by

estimation, by the wuse of water vapor .
radiometers, or by using radiosonde dat:There are three primary outputs of GPS that can

acquired in the vicinity of the GPS receiverP® used by others: (1) timing, (2) ionospheric

sites. The most convenient method of handlimdelay calibrations and thus estimates of the

troposphere refraction is by estimation of thE.Total Electron = Content  (TEC) of  the

palh delay This o is probably the most 7OSPLer 08 9 Amospnee oS Dt
accurate method, although recent water vapc g-app y P

: . by SA which efectively limits the quality of
radiometer results have been encouraging. real-time output to time to 0.2 msec. When SA

is not on, time tags accurate to several
The use of GPS buoys has been shown to yienanoseconds can be obtained from GPS.
excellent results for calibrating the altimeter

range measurement on thOREX/Poseidon  accyrate estimates of the ionospheric delay are
satellite. For an experimentfahe California  yitficult to obtain from GPS because of
coast at the @xaco ofshore platform, Harvest, jnterchannel biases between the L1 and L2
agreement between a GPS buoy and tidfrequency channels and thefdiential delay in
gauges for ocean surface height above ththe satellites between the L1 and L2 channels.
reference ellipsoid was approximately oneThe former can be obtained from careful
centimeter The TOPEX/Poseidon project also ground receiver calibration but will always be
has installed a GPS receiver on the Harvedifficult for precise phase measurements due to
platform. This receiver has been used tthe unknown number of cycles. The latter is
determined the vertical position of the Harvescalibrated in the GPS satellites before they are
platform to better than one centimeter rmslaunched but the exact values when the
Knowledge of the vertical component of theSatellites are in qrbit are not known. However
platform location to better than a centimeter €GPS does provide an excellent method for
crucial to the accurate calibration of theStudying the time variable behavior of the

TOPEX/Poseidon altimeter height bias. ionosphere, with the lgest complication here
arising from the need to separate spatial and

_ temporal variations because of the relatively
The above comments regarding accuracgow motion of the GPS satellites across the
capability for ship and buoy locations alsogky (This characteristic can be contrasted with
apply to ice monitoring although someTRANSIT system measurements in which the
problems may be more &dult such as those satellite would pass from horizon to horizon in
associated with coverage of the GPS&about 20 minutes, thus providing a single slice
constellation—i. e. no high latitude satellitesthrough the ionosphere afettively one time.)
and the ionospheric correction. Accuracy

capability of diferential GPS for ice The applications of GPS for meteorological
applications therefore should range in themeasurements is in its infandy seems clear
neighborhood of a few centimeters to a fewthat obtaining estimates of perceptible water to
meters depending on atmospheric conditions1 mm is possible and with this accuracy it will
GPS data type, and receiver location relative tbe a very useful product for meteorological
fiducial sites. models.
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6.3 Infrastructure 6.4 Error Budget

Of critical importance to routine applications of The error budget for GPS can be broken down
GPS is the global tracking network establishednto a number of components some of which
by the International GPS Service (IGS) whichare reasonably well understood and others

is sponsored by the International Association oWhich are not so well understood. In nearly all
Geodesy (IAG). The routine operation of gcases the full error spectrum is not known and

network of stations of between 20 and 5chere we lay out and give examples of those

, parts of the error spectrum which are
receivers for the past two years has made tnqerstood. W also attempt to bound that part

processing of regional GPS campaigns mucyhich is not well understood. For each
easier because of the availability of accuratcomponent of the error we will attempt to
orbits a week or so after the data has beequantify its magnitude and the spectral
collected. In addition, this service alsocharacter of the error (i.e., the magnitude of the

maintains quality checks on both the receivererror as a function of frequency).
within the network and the satellites. The

eX|§t|ng data ;et is also extremely useful fog 4 1 Data Noise

testing model improvements to the analyses ¢

GPS data. ] ,
Data noise from instrumentalfetts should be

_ ' _ the most quantifiable of the GPS error sources,
Another important function which must be g is likely to be one of the smaller
addressed now is the archiving of GPS datecontributions to the total error budget. The data
Although most data is distributed in the RINEXnoise can be theoretically computed from the
format, in the long run this format (unlessgain of the GPS antenna, the GPS signal
revised) has severe limitations for maintainincStrength, and the thermal noise characteristics
the integrity of GPS data. As discussed be|0V\_0f the receiver and its env_lronment. Data noise
there is no means for storing amplitude's expected to be elevation angle dependent

. : : . (due to both the gain of the GPS antenna and
information adequately in this format and, :
the loss of signal strength due to greater

when “clean” .data is distributed, there is NC 41 ation of the Earth’ atmosphere) and
means for saving the changes made to the da'averaging time in the GPS receivé&or L1
The error flagging of data is so limited in theghservations that decode either the C/A code or
format that most centers need to delete dathe P-code, the integration time required to
totally from the clean RINEX file for data achieve data noise of about 1 mm is only about
which was not used in their analysis (e.g., dul msec. Similar integration times can be used at

to low elevation angle) even though these datl-2 if the P-code is known but the integration
are likely to be errefree and could prove times need to be increased almost a thousand-

useful in the future when models for thefOId (to aboutlsecond)_ i codele_ss _techniql_Jes

. : . are used at L2. (This increase in integration
atmospheric Qelayanq multipath are |mprov.edtime compensates for the loss of SNR in
The current situation is that the raw data file\.yqeless tracking systems and therefore the
from the receiver raw RINEX files, and pojse level does not appear that much better for
cleaned RINEX files all will need to stored incodeless tracking. In dynamic applications, the
an archive for future use. increased integration time can and often does
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cause frequent losses of the lock on the GPelevation angles less than zero. Multipath is
signal.) difficult to characterize in general since its
amplitude and phase depend on many
One common method for experimentallyparameters, although many of these parameters
determining the noise in GPS receivers is tare suficiently constant that multipath can be
connect two receivers to the same antenna aiseen to repeat day-to-day because of the
look at the diferences of the measured phaserepeating orbits of the GPS satellites. In
and range values. Howeyethese types of general, an object near a GPS antenna that
experiments need to be performed venappears smooth to the 190- and 240-mm
carefully because reflections from the receiverwavelength GPS signals will act as a source of
back through the splitter used to divide themultipath. The most common of these are
signal from the antennas between the twmnearby buildings, trees, and the ground itself.
receivers can &ct the output of the receivers. The ground is generally a strong source of
As an example of the results obtained from imultipath, and if the ground is treated as an
split signal experiment, we show the doubleinfinite level plane, the d#rence in the phase
differenced phase residuals from amible of the signal and the reflected signal is given by
SST and SSE connected to the same antenna2hsin e, whereh is the height of the antenna
Figure 23. Examples of similar type above the ground in wavelengths, anid the
experiments with a variety of receivers haveelevation angle. &show in Figure 23 a typical
been carried out. Generally tests of this typexample of multipath. Here the oscillatory
have shown that the noise in the L1 and L:behavior of the double dédrence phase
phase measurements varies between 1 andresiduals is most likely due to the full rotation
mm and often show some systematic trend:of the (weaker) reflected signalfedting the
Also lage trends can develop from drifts phase determinations. In extreme cases the
between the L1 and L2 phase measuremenreceiver can temporarily lock onto the reflected
that are common to all channels within asignal and this may explain the single cycle
receiver but difer from receiver to receiver slips that some receivers in certain
This type of error does notfatt the double circumstances experience.
difference observable because it cancels in tt

differencing operation, but it doesf@ft One of the best diagnostics of the presence of
estimates of the ionospheric deldetween muyltipath is the amplitude of the received
different receiver types, the errorln|onospher|(5igna|s, which will also show an oscillatory
delay can be &cted by up to 400 mm. Thus pehavior in the presence of multipath.
while instrumental errors are small, these erroynfortunately the current international

sources ShOU|d be better UnderStOOd than th(standard for exchange of data (RlNEX) does

currently are. not allow the amplitude to be reported with
sufficient significant digits to allow it to be
6.4.2 Multipath useful in detected and correcting multipath

corruption of a signal.

Multipath for GPS receivers is defined as the

contribution to the phase and rangeWhile the multipath shown in Figure 24
measurements from reflected signals. One averages é#ctively over the long interval of
the major compromises that exists in designinobservations shown, for short periods of time
omni-directional antennas of the type used it(up to 2030 mins depending on h and the rate of
GPS is maintaining relatively high gain at lowchange of elevation angle) multipath does not
elevation angles while minimizing the gain foraverage to zero, and this can serioudigatthe

76



150 rrtr | rrr 1 rrrr1r|r 111t 11 &t 11 ° 1| °r 1 11 90
! PRN 17 i
i i 80 m
100 [ : 1 g
i 70 T
>
i Q
- .0 @
50 [ 0 o
i 3
— - _ 3
E - 50
£ |
[} -
g 0.0 I -1 40
E o
= - 30
% 5.0 [0
N o
o i -
[ PRN 3 20
_100 PR S TR TR AN TN TN N S NN TN SN TN T NN N SN TN N NN TN TN WO M (NN TN N SN MO NN SOt W 10
12 13 14 15 16 17 18 19

UTC (hrs)

Figure 23. Double difference carrier phase noise obtained from a Trimble SSE and Trimble SST
receiver connect to the same antenna (contributed by Herring). The solid line shows the differ-
ences between phase measurements to PRN 03 and PRN 07 at the L1 frequency; the dashed curve
isfor the L2 frequency. At L1 the mean and rms scatter (about the mean) of phase differences are
-1.5mmand 1.0 mm; at L2 the mean and rmsare 1.6 mmand 2.1 mm. The stippled lines show the
elevation angles of the satellites and clearly show that the noise is elevation angle dependent. The
larger scatter at the L2 frequency is mostly likely due to the codeless tracking of the L2 signal in
the SST. Although the means of these residuals are not zero; the differential position estimate from
the two receivers was 0. x mm north, X meast and X mmin height.

results from kinematic and rapid static survey:noise clock correction, there is a dependence of
where site occupation times can be as short asthe geodetic results on the actual time at which
few minutes. In these cases errors of tens (measurements are made due to the non-
millimeters may occur because of multipath. linearity of the geodetic problem. The
magnitude of the errors associated with
incorrect timing of GPS signal sampling can be
computed from the Doppler shift of the GPS
signals, and it is typically 1 mm per
While the first-order éécts of satellite and microsecond of timing erroWhile such timing
receiver clocks cancel during the doublerequirements should be easily met by a GPS
differencing operation or by estimating white-receiver examples can be found in data in

6.4.3 Receiver Timing
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Figure 24. A typical example of multipath (contributed by Herring).

which this is not the case. These examples a6.4.4 Atmosphere
reflected as single outliers in the double
differenced LC observable, but with no

perturbation to the ionospheric delay estimatM°deling the delay in the GPS signals due to

of the wide-lane observable (computed usimthe Earths atmosphere is considered to be one

the range and phase measurements). gy ©f the limiting error sources in_ _GPS primarily
behavior is consistent with the receiver makin@&cause of the natural variability of the delay
its measurements at a time fdient to that and dificulty in developing a practical means
reported. The overall fct of this type of error for calibrating the delay other than through
is small except in those cases where thestimation teChniqueS USing the GPS data
receiver does not correctly resolve thethemselves. The full atmospheric delay can
millisecond ambiguity in the C/A code range,reach about 13 m at 10 degree elevation angle,
in which case it becomes almost impossible tbut much of this is predictable from
determine where the measurements were macmeasurements of surface pressure. The
When this occurs, that data almost always neeremaining part of the delay primarily due to
to be discarded. Ideallythis type of error dipole component of water vapor refractivity
should be detected in the field so thaand gradients in the atmosphere can not be so
measurements can be repeated. easily modeled. Recent attempts to calibrate
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the water vapor component using instrumentequator from Southern hemisphere to the
such as water vapor radiometers have beeNorthern hemisphere, known as the “Right
encouraging. Howevethese newer results are Ascension of the Ascending Node,” with
very limited in location and time span. respect to a celestial reference frame), the
perigee location (known as ‘tument of
Current analyses would indicate that residugperigee”), and the time when the satellite was
errors in modeling the atmospheric delay couldast at perigee. The orbital semimajor axis and
be tens of millimeters and may have annuzeccentricity describe the shape of the orbit in
signatures. terms of a conic section and the inclination
describes the orientation of the orbit plane with
6.4.5 Second Order onospheric Delay respect to the I_Earth’ equatar The GP.S
constellation consists of six orbit planes, with 4
) ) _ or more satellites in each plane, evenly
While the dual-frequency ionospheric delayyigirinyted within the plane. If the Earth were a
cgh_braﬂon is likely to be accurqte to a fewsphere with constant, uniform mass densitg
millimeters in most cases there is theoreticagjy ot elements would be constant. Since the
evidence thqt thg neg'lected contribution frO”Earth rotates, the longitude of the location
the magnetic field in the dual-frequency,\nere the satellite crosses the equator changes
correction could mtroduce errors _of up _to 30yith time even if the orbit elements are
mm. H.owevar. with  some S|mpI|fy|ng_ constant.
assumptions, this error appears to be reducib
to a few millimeters in even the most extreme
cases by modifying the method used tc
compute the ééctive frequencies of the GPS
signals. The most serious consequence of t
ionospheric delay may be the loss of lock or
GPS satellites during periods of rapid
ionospheric variations. This loss of lock is a
serious problem for codeless receiver:
operating in polar and equatorial regions, ani
become a serious problem in these regions fc
full-coded receivers when AS is turned on.

Various forces act on the satellites that produce
changes in the orbit elements with time. These
rperturbing forces are dominated by the
gravitational component associated with the
Earths oblateness, which produces a linear
time variation in both the orbit plane ascending
node location and the location of the perigee,
with respect to an inertial reference frame. The
node location makes one revolution in about 25
years in response to this perturbation; however
the time required for a complete revolution of
) ) ) perigee is about 50 years. These rates of change
6.4.6 Satellite Motions and Satellite are much slower than the changes experienced
Antenna Characteristics by a low altitude satellite. Although the sun and
moon produce a similar linear drift in these
The GPS constellation consists of 260rbit elements, the f&fct is about a factor of

broadcasting satellites. The satellite orbits cafive smaller than the oblatenesteet.

be generally characterized by their Kepler orbi

elements: semimajor axis = 26000 km (orbitaln addition to the linear (or secular) variation in
period = 43082 sec, half of a sidereal day)the node and perigee locations, the Earth grav-
eccentricity < 0.01, and inclination = 55 degity and luni-solar gravitational perturbations
(Block 11), plus three additional elements thatproduce periodic variations in all orbit ele-
depend on the specific satellite. The additionements. The perturbation spectrum includes
three orbit elements are: ascending nodperiodicities ranging from approximately one
location (point where the satellite crosses thhour to 18.6 years. Over a one year interval of
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time, these periodic perturbations are domiFigure 25 an example of the dithering of the
nated by the luni-solar forces that produceGPS frequency standards obtained from the
“long-period” changes in the orbit elementsanalysis of the data collected with the global
with periods of 14 days (lunar) and 183-day:GPS tracking network. In this particular
(solar semi-annual). At the GPS altitude, theexample, SA is turned bfthe satellite at
gravitational forces on the satellite due to theapproximately 18:00 UTC. The results of
Earth, moon, sun, and planets are well-modeledithering have been converted to meters of
and understood. Furthermore, errors in thrange error in this figure. Prior to SA being
modeling of the mass variations in the Earth arturned of, the rms error in the range
diminished at GPS altitude compared to a mucmeasurements is 22 m; when SA is turndd of
lower altitude. On the other hand, the non-gravthe range error rms drops to about 0.25 m.
itational forces experienced by the GPS(These results are obtained from the analysis of
satellites are complicated and prone to miscarrier phase measurements, and therefore
modeling of the forces. The nongravitationalnearly all of the rms is due to dithering and the
forces are produced by solar radiation, Eartinatural drifts in the satellite and ground station
radiation, and thermal radiation from the satelclocks.) While the décts of SA are almost
lites, to name the major contributors. Thesdotally eliminated in diierential positioning,
forces produce periodic variations in the orbithe rapid fluctuations in satellite clocks do
elements similar to gravitational forces. Thecomplicate the process of removing slips in the
mis-modeling of the nongravitational forces isnumber of carrier phase cycles accumulated by
one of the major contributors to GPS orbitthe receiver and SA makes it nearly impossible

error. to use averaged phase measurements (normal
points) with a much lower sampling rate. In
6.4.7 Impact of SA and AS real-time navigation problems, SA limits

accuracy of navigation, although for aircraft
this is not a major problem since the position of
jan aircraft can generally only be controlled to
within about 100 m.

Selective Aailability (SA) denies precise
positioning by corruption of the GPS sigha
structure. It is composed of two components (1
corruption of broadcast navigation messag:
and (2) rapid “dithering” or oscillations of the Anti-spoofing (AS) is meant to stop false
frequency standards in the satellites. The firssignals from corrupting military receivers, but
component of SA is of little consequence tcas a consequence of the system used, AS denies
scientific users because in precise millimeteaccess to the P-code. AS is implemented by
applications the orbits of the GPS satellites armodulating the P-code with an additional code
computed from carrier measurements muci(the Wcode), and because only the P-code
more accurately than even the precis(with the W.code modulation) is superimposed
ephemeris available from the DoD. Also theon the L2 frequengysome type of codeless
dynamics of the GPS satellites are well enougtracking of L2 is required when AS is turned
understood that these orbits can be integrateon. In Figures 26a and b we show thieetfon
forward in time by several days with accuracietwo different receivers when AS is turned on at
better than the (uncorrupted) broadcasapproximately 17:00 UTC. The degradation of
ephemeris except when there are thrustethe performance of the receiver in Figure 26a is
firings on the GPS satellites. The seconimmediately obvious, and severely limits the
component currently also has littldexft when effectiveness of the automatic data processing
differential (either real-time or post- systems. In Figure 26b, the degradation of the
processing) techniques are usece $thow in performance of the receiver is not so obvious
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Figure 25. Example of Selective Availability (contributed by Herring). In this example, SA was
turned off at about 18:00 UTC and impact of SA can be clearly seen. In (a), the range error to
PRN 01 is shown. Therms error in the range errors when SAison is 22 m, consistent with deny-
ing point positioning accuracies better than 100 m. In (b) an expanded view of the time interval
when SA is not on is shown after a quadratic polynomial is removed. These results were obtained
using carrier phase measurements. The rms range error for thisinterval is 0.25 m, and indicates
that 1 meter accuracy point positioning would be possible with existing satellites and receivers if
SA were not on.
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although careful analysis of these data indicatFigure 5. Donnellan, A., B. Hagerand R.
that the dectiveness of automatic dataKing, Discrepancy Between Geological and
processing systems is also compromised wheGeodetic Deformation Rates in themtura
AS is turned on. (It is also interesting to noteBasin,Nature, 366, 333—-336, 1993.

the general stability of the receiver shown ir

Figure 26b is not as good as that for Figure 26Figure 6. Contributed by Y Bock, Scripps
receiver when AS is §fpossibly indicating the Institution of Oceanograph§994.

receiver manufacturer has put most of the

efforts into handling AS rather than developingFigure 7.Bock, Y., D. Agnew P Fang, J. Gen-
a stable receiver when AS isf.9fThe prime rich, B. HagerT. Herring, K. Hudnut, R. King,
consequence of AS is loss of accuracy in botS. Larsen, B. MinsteK. Stark, S. Wdowinski,
range measurements and phase measuremeiand F Wyatt, Detection of Crustal Deforma-
For aircraft applications, this loss of accuracytion from the Landers Earthquake Sequence
(about 1000-fold for L2 tracking) is Using Continuous Geodetic Measurents,
particularly severe because of the dynamics cNature, 361, 337-340, 1993.

the aircraft and the usually high multipath

environment on the aircraft. In particylar Figure 8. Yuan, L., R. Anthes, R. We, C.
results of the quality shown in Figure 26b carRocken, W Bonner M. Bevis, and S.
only be obtained by coherently averaging thdBusinger Sensing Climate Change Using the
L2 signal for about 1 second. This is anGlobal Positioning Systend, Geophys. Res,,
acceptable compromise for a static receipat 98, 14,925-14,937, 1993.

in an aircraft leads to frequent loss of lock or
the L2 signal. Figure 9. Tapponnier P G. Peltzer A. Y.

LeDain, R. Armijo, and RCobbold,Propagat-

ing Extrusion &ctonics in Asia: New Insights

from Simple Experiments with Plasticine,
7 References Geology, 10, 611-616, 1982.

Figure 1. Contributed by R. \afe, internal g re 10.Dokka, R. K., and C. J.rAvis,Role

UNAVCO publication, 1994. of the Eastern California Shear Zone in
Accommodating Pacific—North  American

Figure 2. Feigl, K., D. Agnew Y. Bock, D. Plate Motion,Geophys. Res. Lett., 17, 1323~

Dong, A. Donnellan, B. HageT. Herring, D. 1326, 1990

Jackson, TJordan, R. King, S. Larsen, K. Lar-

son, M. Murray Z. Shen, and.F\ebb,Space Figure 1. Royden L.,Late Cenozoic Evolu-

Geodetic Measement of Crustal Deforma- tion of the Pannonian BasinAm. Assoc.

tion in Central and Southern California, Petrol. Geol., Mem., 45, 27-48, 1988.

1984-1992,J. Geophys. Res., 98, 21,677—

21,712, 1993. Figure 12. Oral, B., GPS Measwements in
Turkey (1988-1992): Kinematics of the Africa-

) ) i Arabia-Eurasia Plate Collision Zon&octoral
Figure 3. Contributed by R. \&fe, internal thesis, MIT 1994.

UNAVCO publication, 1994.

Figure 13.Calais, E., YBock, et al., Scripps
Figure 4. From K. Hudnut and M. Murray Institution of Oceanographyin preparation,
U.S.G.S., January 25, 1994. 1994.
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Figure 26. Example of the effects of Anti-spoofing (contributed by Herring).
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